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ABSTRACT 

This report describes the development of a method programmed 

for a digital computer to evaluate one-dimensional detonation 

parameters in gaseous media.  The calculations are based on the 

assumptions that the mixture is comprised of ideal gas consti- 

tuents and that the wave process is governed by equilibrium end 

conditions. 

Details of the analytical method of solution are presented 

including the IBM 7090 computer program, described in Fortran 

language.  Sample input and output data with instructions for 

preparing the input data are given. 

Finally, computations are performed for a number of hydrogen- 

oxygen mixtures from H2+O2 to 3H2+02 at several initial conditions 

covering a range in pressure from 0.1 to 760 mm Hg and in temper- 

atures from -180 to +200°F and a comparison is made with calcula- 

tions of other investigators for a stoichiometric mixture initially 

at NTP. 

*This research was supported by the United States Air Force, through 
the Air Force Office of Scientific Research of the Air Research and 
Development Command under Grant AFOSR 129-64 and the National Aero- 
nautics and Space Administration under Contract No. NAS8-2634. 
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f.    - defined by eq.   6. 1. 13 

^t*   - molar Gibbs free energy at tta species 

J     - molar Gibbs free energy at ctb species at one atmosphere 

h^   - molar enthalpy of itb species 
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1.    INTRODUCTION 

The calculations of detonation parameters have been made by several 

investigators, notably Lewis and Fnauf (1),   Berets et al (2),   Edse (3), 

Wolfson and Dunn (4), Luker et al (5), Eisen et al(6), Bollinger and Edse (7), 

Barrere^ (8), Gordon and Zeleznik (9), and Bird et al (10). 

The distinguishing features of the various analyses are summarized in 

Table 1.    All have in common two basic assumptions, namely that complete 

thermodynamic and chemical equilibrium is established immediately down- 

stream of the wave,   so that dissipative effects and variations in chemical 

reaction rates can be disregarded, and that the constituents of both reactants 

and products behave as perfect gases. 

The work in references (1), (2), (4), and (5) followed similar approaches 

and in particular,  specified the CJ state as that for which the final Mach 

number, based on the frozen sound speed, was equal to unity.    Lewis and 

Friauf made use of this condition in their equations and proceeded to calcu- 

late detonation properties by determining successive corrections to the 

assumed initial values of the independent variables, TJ and   v£ using an iterative 

technique.    Berets et al (2) used the same method, while Wolfson and Dunn(3) 

And Luker et al (4) performed the calculations in a similar manner but with 

T^ and a as the independent variables. 

It was subsequently shown, however, that the correct specification of 

the CJ state must be based on the equilibrium sound speed.    This problem 

was circumvented by Edse (3) and Bollinger and Edse (7) who determined the 

CJ state from the condition that the corresponding wave Mach number  is a 

minimum.     An initial estimate was made for the CJ value of the final tem- 

perature in both cases, the corresponding properties on the Hugoniot curve 

evaluated^and then corrections to the CJ temperature found.   This is essentially 

the approach used by Eisen etal(6) who chose, however, M, as the independent 



parameter.    The latter method gave double-valued solutions for each value 

of /V\, and the CJ state was determined when both solutions converged, 

yielding the minimum v;ave Mach number.   In addition, Eisen et al (6) were 

the first to evaluate the final equilibrium Mach number as a check on their 

CJ calculations. 

Barrere (8) developed a graphical method for calculating detonation 

properties which gave results in good agreement with those of Eisen et al(6). 

The CJ   state in this instance was defined as the point on the Hugoniot curve 

at which the entropy was a minimum.   Incorporating this into the conservation 

equations, Tz and o£were used as the independent variables to evaluate the CJ 

properties. 

Zeleznik et al (9) were the first to actually utilize in their computations 

the principle that at the CJ state the equilibrium Mach number is unity.    On 

this basis initial estimates were made for the independent variables   f^ and 

T^ and corrections found until the Hugoniot equation and equation of state 

were satisfied. 

Bird et al(10) computed the CJ properties by finding the point of minimum 

wave Mach number.     Since the thermodynamic properties are functions of the 

final temperature, ~\ , alone, this parameter was chosen as the independent 

variable, eliminating the need for re-evaluation of these properties at each 

iteration.    The program is generalized to include the presence of condensed 

phases in the products of reaction. 

In the present work, a method was developed for the determination of 

detonation and deflagration parameters including,  in addition to the CJ state, 

solutions on both the deflagration and detonation branches of the  Hugoniot 

curve.    The procedure was programmed for an IBM 7090 digital computer in 

Fortran language.   For detonations the calculations are terminated when states 

with pressure ratios corresponding to the von Neumann spike on the one end, 



and the condition that the density ratio is equal to unity on the other, are 

attained.   For deflagrations, the calculations are restricted, of course, to 

values of the pressure ratio equal to and less than unity.   It should be noted 

also that since the allowable chemical reactions are specified in the input 

data, the parameters for other processes, such as non-reactive or dissoci- 

ative waves, may be easily determined. 

During the initial phases of this study, the wave velocity was chosen 

as the independent variable, following the approached used by several other 

investigators.    For each specification of the velocity, then,  solutions on 

both the strong and weak branches of the rlugoniot curve were obtained and 

the CJ state determined when the solutions converged at the minimum value 

of wave velocity.    However, difficulties in obtaining convergence within a 

desired accuracy were encountered and it has been then found that the most 

convenient independent variable is the pressure ratio. 

Since the thermodynamic properties of each constituent are uniquely 

functions of the temperature alone, the temperature ratio suggests itself 

as a convenient independent variable.    However, as shown in Figs. 10 and 11, 

where temperature and pressure ratios are plotted respectively against the 

dimensionless entropy, the variation in the pressure ratio is about ten times 

greater than that in the temperature ratio along the Hugoniot curve, so that 

choosing the pressure ratio as the independent variable allows greater 

latitude in making an initial estimate of its value at the CJ state. 

The CJ state was specified by the condition that the local equilibrium 

Mach number is equal to unity which, within the accuracy of calculations, 

corresponds exactly to the state of minimum wave velocity. 

Calculations of detonation parameters were carried out for several 

hydrogen-oxygen mixtures over the range of initial conditions as follows: 



Initial 
Pressure 

Initial 
Temperature 

Composition mmHj °F 

I  H2+02 !           760 -180 

-50                 j 
100 +60               i!: 

10 
+200                  j 

2H, + O, |            -180                  j 
1 

0.1 

+60                 | 
i 

3H2 + °2 1           -180                  \ 
l 

+60 

The best available source of thermodynamic data,  namely the JANAF 

Tables (11) prepared by the Dow Chemical Company, was used in the cal- 

culations.    Within the accuracy of these1 data, the results for the CJ wave 

were found to be in good agreement with those of references 6,  8, and 9 

obtained for similar conditions.    In addition the CJ wave velocity exhibits 

an increase,  independently of composition,  of approximately 15 percent as 

the initial pressure was increased from  0. 1 to 760 mmHg, and a decrease 

of approximately 3 percent as the initial temperature was increased from 

-180 to  +200 F.    Over the same range of initial conditions, the CJ pres- 

sure and temperature ratios were found to be more sensitive functions of 

tne initial temperature than of the initial pressure. 



2.  DETERMINATION OF THE HUGONIOT CURVE 

The detonation wave is considered to be a one «dimensional front and the 

prc.tss to take place in the absence of dissipative effects so that the simple 

continuity, momentum, and energy equations apply.     The conditions of the 

initial gas mixture, including its composition, are assumed to be known, 

while the thermodynamic properties of each constituent of both the initial 

mixture and final products must be specified as input data.   Each gas species 

is assumed to obey the ideal gas law so that the thermodynamic data of each 

species can be expressed conveniently in the form of a polynomial expansion 

in terms of the temperature.    Any number of chemical reactions may be 

considered in the equilibrium  system,   including the  case of no chemical 

reaction, corresponding to the Rankine-Hugoniot curve. 

The final conditions of the wave are determined from a solution to the 

conservation equations and the equilibrium equation of state. The equations 

expressing conservation of mass, momentum, and energy respectively are: 

Vi       v2 2. 1 

"*- 7?aJ£-^ 2.2 

h^h(«£(u*~ul) 2.3 

where u is the particle velocity, V the specific vobune, -f the pressure, 

and h the enthalpy while subscripts 1 and 2 denote initial and final states 

of the wave, respectively.    The enthalpies in the energy equation are 

evaluated by means of a simple summation procedure: 

h 'ExA/m 2.4 



where the X , the mole fractions of the c*1 species, are determined for state 1 

from the specified composition of the initial mixture and for state 2 from the 

composition corresponding to looal the rmo dynamic equilibrium«    The mean mole- 

cular weight is a weighted average of the molecular weights$   m^     »    of the 

•f 
L —        species given by the relations 

and   h- . the mclar enthalpy of the iP1 species, can be expressed as: 

^vMrcP.jT 2-6 
To 

where h   is the enthalpy of formation at a reference temperature   \0 and 

<-p6  is the specific heat of the i"* species. 

The conservation equations, eqs.  (2. 1), (2. 2) and (2. 3), can be com- 

bined to yield the well-known Hugoniot equation: 

which, expressed in dimensionless terms, has the form: 

\~\ --k(p-ä\J+i) 2-8 

where   P is the pressure ratio  >J/1f»   \/ the volume ratio, /2/l£ and ^/    is 

the dimensionless enthalpy defined as: 

^"f*vi="Rji 2-9 

where T is the temperature and R   the specific gas constant, is expressed 

in terms of the universal gas constant j\ and the mean molecular weight: 

R-<R/m 2-10 
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The equation of state of the medium behind the «are can be «ritten as t 

In dimensionless form, eq.  (2, 11) becomes 

4 

where © and 7H are respectively the temperature and molecular 

weight ratios, T?//I and rn^/mt, across the wave.' 

Since it is most convenient to work in the specific volume - 

temperature plane, eqs. (2.8) and(2. 12) can be rearranged to yield 

the following expressions: 

V = 2C^J/(P~l)-l 2.13 

V = Q/(P777) 2.14 

Both?^ and 777 can be determined, of course,once P and © are 

known; hence, by specifying a value of   P,  solutions to sqs. (2. 13) 

and (2. 14) can be found as shown in Fig 1.    The intersection of the 

equation of state (2. 14) and the Hugoniot equation (2.13), which repre- 

sents a solution point, i. e. , a point on the Hugoniot curve correspon- 

ding to final conditions of the wave, is found in the following manner. 

An initial choice is made for © and, at the specified   P, the equili- 

brium composition and corresponding thermodynamic properties are 

caluclated.    If the initial choice of Q was correct, then eqs. (2. 13) and 

(2. 14) would be satisfied simultaneously within the prescribed accuracy. 

If not, a correction to ©,  A© , is obtained by expansion of eqs. (2.13) 

and (2. 14) in terms of a Taylor series about the initial approximation to 

Q.    Equating the resulting expansions and retaining only first order 

terms, we obtain then: 

Ae-(vH-vs)/[(^-(aj 
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where VH  andVs are the volume ratios evaluated from the Hugoniot equation 

and equation of state respectively at the specified P and previous value of G. 

Differentiating eqs.  (2. 13) and (2. 14) with respect to  0   at constant   P yields, 

respectively: 

y^ _ ic 
>e/eH    p-i 2.i6 

2. 17 

where C - *pf is the non-dimensional equilibrium specific heat at constant 

i     and the subscripts  H   and  S   denote differentiation in the V-© plane along 

the path of the Hugoniot equation and along the path of the equation of 

state respectively.    The derivation of equation (2. 17) is given in section 

6. 5.    Successive corrections are made to the temperature,  Q t until the 

values of V  computed from eqs.  (2. 13) and (2. 14) agree within a pre- 

scribed accuracy. 

Eqs.  (2. 13) and (2. 14) can also be solved by choosing 6 as the 

independent variable and iterating for the correct value of   P . 

Eq.  (2. 15) then becomes 

Ae.(v.-v,yt($)8,s-(#)j 2. 18 

where the subscripts H and S now refer to differentiation in the   V-P plane 

along the Hugoniot equation and the path of the equation of state respec- 

tively.    For this case eqs.  (2. 16) and (2. 17) become respectively 

^,"tfMfr-&)-<n-*j(p-i) 



Eq. (2.19) is obtained by straightforward differentiation of eq. (2. 13), 

while eq.  (2. 20) is derived in section 6. 5.    Fig.  2 shows the solution for a 

point on the Hugoniot curve in the V~P plane.    The initial conditions are the 

same as those of Fig. 1 and the value of 6 • Fig.  2» was chosen so that both 

solutions correspond to some point on the Hugoniot curve.    A comparison of 

Figs.  1 and 2 shows that the Hugoniot equation and equation of state are nearly 

orthogonal in the V~9 (constant pressure) plane while in the V~P   (constant 

temperature) plane they are almost parallel.   Hence, in addition to a wider 

latitude for the initial choice of the independent parameter, choosing  P , 

rather than © , as the dependent variable should minimize problems 

associated with convergence» 

For purposes of illustration, Fig.  3 shows the Hugoniot curve for a 

2H^fC^ mixture initially at 60 F and 1   atmosphere in the PV plane.   Shown 

also is the CJ Rayleigh line whose intersection with the Rankine-Hugoniot 

curve defines the von Neumann spike. 
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3.     DETERMINATION OF  THE CHAPMAN JOUGUET STATE 

* • 
The CJ state is defined as that state at which the final equilibrium Mach 

number is equal to unity.   It is determined by finding the intersection of the 

Hugoniot curve with the line   M9Z = 1, in the H/' plane.    Fig.  4 shows the 

Hugoniot curve in the    M^  '     plane for a c?n2+02 mixture initially at 60 F and 

1 atmosphere, and the line    Me,2 '11   The CJ state is determined by making an 

initial guess for the CJ pressure,  \j , linearizing the Hugoniot curve in the 

Me2~P   plane, and solving for corrections in the initial choice of    r^j  ,    At 

each approximate value of   f^j- , the corresponding properties on the Hugoniot 

curve are evaluated by the method described in the previous section. 

While previously it was possible to find analytical expressions for the 

derivatives of the governing equations, a numerical method must be used here. 

The derivative of the Hugoniot curve in the*   Me,2~ P plane is found by taking a 

small increment,  S P , in the previous estimate of   PcJ and evaluating the 

corresponding incremental change in       Mpi2     SMe,?  .    Hence, to a good approxi- 

mation, the derivative of the Hugoniot curve in the  M9J r plane is given by 

c p*'2 , and it can be easily verified that the correction  ^UJ IS given by 

It is advisable to overestimate the initial approximation to    Hr  in 

order to insure that the corresponding value of  V  on the Hugoniot curve will 

be less than one.    The stability of the iteration procedure is improved by re- 

quiring that 

IAPCTI <   1 3.2 

which should prevent the new approximation to   «7T from becoming too small 

and yielding an imaginary wave velocity.    The iteration is continued until the 

value of    Me? is sufficiently close to one,  so that   m:J    is less than a pre- 

scribed value. 
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4.     DETERMINATION OF   THE VON NEUMANN SPIKE 

The von Neumann spike conditions correspond to the properties behind 

a non-reactive shock wave which propagates at a Mach number equal to that 

of the CJ detonation.    In this report the von Neumann spike is used to establish 

the upper limit to the Hugoniot curve.    The state in the P-Vplare corresponding 

to the von Neumann spike is determined by the intersection of the Rayleigh line, 

which emanates from the initial state and is tangent to the Hugoniot curve, with 

the Rankine-Hugoniot curve.    Fig.  3 illustrates the solution for the case of a 

^H-O+Og     mixture initially at 60 F and  1  atmosphere.    The iterative technique 

used in the method of solution is similar to that outlined in section 3.     An initial 

guess is made for   PvN   , the von Neumann spike pressure ratio and the equations 

of the Rayleigh line and Rankine-Hugoniot curve are linearized permitting cor- 

rections to be found to the initial choice of    Pv». 

It is necessary to know the value of the derivatives,    4p    » al°ng both the 

Rankine-Hugoniot curve and the Rayleigh line in the  P~V   plane,  in order to 

linearize the equations describing these curves.    The first,    ^p)    ,  is found 

by taking a small increment in   P ,  S P , and evaluating the corresponding 

increment in   V   •    SV    I the ratio   f^k    , yields, then, a sufficiently good 

approximation to the derivative,    4*1  .    The second,    T*J   ,  is invariant and 

may be found analytically.    The dimensionless Rayleight line equation is given 

by: 

(P-IW^/O-V) 4.1 

where    j^ , and Mj_ are,  respectively, the initial specific heat ratio and Mach 

number.    Since both    Y*   and    Mx   remain constant along the Rayleigh line, 

differentiation of eq.  (4. 1) yields. 

Y, M* 4. 1 



An initial approximation to the von Neumann tpike pressure,  fyW , is 

made and at this pressure, the required derivatives are evaluated as outlined 

above.    It can easily be verified that the correction to the approximation of 

PVN     is given by: 

Apw-(vt -vM$l«+i~tf) 4.3 

where  \/ou and  \£   are,  respectively, the values of the volume ratio evaiu- 

ated from the equations for the Rankine-Hugoniot curve and Rayleigh line 

at the previous value of   f^N.    The iteration is continued until  VRH is sufficiently 

close to   VI   so that frPvN is less than a prescribed value. 
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5.    DETERMINATION OF  THE POINT ON  THE HUGONIOT CURVE AT V = 1. 0 

The pressure ratio, Fv*j » corresponding to the point on the Hugoniot 

curve where V»l is used to establish the lower limit of the Hugoniot curve. 

It is determined by the intersection,  in the^-P plane, of the Hugoniot curve 

with a line of 45    slope passing through the point W2=^-l, P* 0 , corresponding 

to the Hugoniot equation with \l-l.Om    The two equations are then: 

>z~%+t(P-lXv^ 5.1 

%«tt + (P-l) 5.2 

Similar techniques are employed to solve eqs.  (5. 1( and (5. 2) as that 

used in sections 2,  3, and 4.     An initial approximation is made for Fv=i, 

the two equations (5. 1) and (5. 2) are linearized at this value of PV9l , and a 

correction found for the initial guess. 

The derivative of eq.  (5. 1) in the 7t-P plane is found by taking a 

small increment    SF     in the approximate       !*Ä/      and evaluating the 

corresponding increment in %} &fy .    Hence a good approximation to the 

derivative of eq.  (5. 1) is given by   -£# .    The derivative of eq.  (5. 2) is 

obviously equal to one.    It can be easily verified then that the correction 

to the initial approximation of    FJ_,    is given by: 

APv.-fv^-K1" W 5-3 

where    /^    and ^      ?tre evaluated from eqs. (5. 1) and (5. 2) respectively 

at the approximate    F^-; . 

The iteration is continued again until   ^       is sufficiently close to 

M-7        , that AR«, is less than a prescribed value. 

* 
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6.       EVALUATION OF EQUILIBRIUM COMPOSITION AND 

EQUILIBRIUM  THERMODYNAMIC DERIVATIVES 

The preceding analysis requires the evaluation of the equilibrium com- 

position of a multicompcnent mixture of gases at a  specified temperature 

and pressure.    Brink.ey (12) has developed a convenient method for equili- 

brium calculations for use in machine computation, and this procedure has 

been adopted for our work. 

6. 1   Equilibrium Composition 

Following Brinkley (12) and Obert (14)fwe shall consider the products 

to consist of a certain number of species,  referred to as constituents, of 

which a certain minimum number are components.    The distinction between 

constituents and components is derived from the fact that in a closed system 

at a given pressure and temperature in which departures from equilibrium 

are considered, a component is defined as an independent variable while a 

constituent is defined as a dependent variable.    (In an equilibrium system 

at a given pressure and temperature, the composition is fixed and hence 

the components may not be varied independtly).    For example, consider a 

closed system in which H2, Og , and H20 are present at a given pressure ar;.d 

temperature.    Any two of the three constituents may be considered as com- 

ponents.    Formal rules for selecting components were given by Brinkley (13). 

The constituents of the equilibrium system can be expressed symboli- 

cally in terms of the components in the following form: 

where T^   designates the chemical symbol of the ^constituent,  V   - the 

chemical symbol of the jth component, and ß-  are the stoichiometric co- 

efficients.    In this section, L subscripts refer to constituents and j  and k 

6. i. i 
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subscripts refer to components.    For example, consider the hydrogen-oxygen 

system in which six constituents are assumed present, namely, Hz » Oz » H20, 

OH i H , and 0 , and let the components be H2O and Oz.    Then the matrix 

formed by the ßj\ is: 

^"^-^Qom pone nt s 1 
# Constituents^-^J H20 o8    1 

1                 Hl 1.00   ! -0. 50    1 

l                            02 0.00 1.00   1 

i               HtO 1.00 0.00    \ 

1                OH 0. 50 0. 25    1 

H 0. 50 0. 25    j 

1               ° t       0.00 !      0. 50    1 

The composition of the initial mixture determines the mole fraction of 

each component in a hypothetical  system consisting of components only. 

The mass balance between the hypothetical system and the equilibrium con- 

stituents is expressed then by the relationship: 

fft/n;Ä% 6.1.2 

where fy is the number of moles of the <!— constituent in the equilibrium 

system derived from the hypothetical system.    The mass action relations 

for the system under consideration can be expressed as: 

where ^ and/,j  are the chemical potentials of the & constituent   and jth 

component respectively. 

6.1.3 
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Dividing eq. (6.1. 2) by n , where 

leads to: 

$£*-%* 

6.1.4 

6.1.5 

6.1.7 

6.1.8 

which, when summed over the j components, becomes after rearrange- 

ment: 

where   $   is defined by the relation: 

Substituting eq.  (6. 1. 6) into eq.  (6. 1. 5) yields finally: 

A quantity G-  can be defined now as the residue of eq.  (6. 1. 8), i.e., 
j 

<*-*<%-ft-V*-% 
where G\   is identically zero when the correct set of   X^ are substituted 

into eq. (6. 1. 9). 

The chemical potential of the itfa. ideal gas constituent may be written 

in the form: 

«*L ~/{* + <FLTIo3(?xd 6. 1. 10 

where Iff is the chemical potential of the & constituent at the temperature 

in question and one atmosphere.    Note that the chemical potential of a pure 

species is equal to the Gibbs free energy per mole.   Hence, for this case: 

6.1.9 



/ <n° 
where   g? is the molar Gibbs free energy 

eq.  (6. 1.10) into eq.  (6. 1. 3) and rearranging terms yields: 

17 

6.1.11 

of the L*1 constituent.   Substituting 

6.1.12 

where 

fc^T)--/*j(f)-^T 6.1.13 

and 2- , the iteration parameter, has the formal definition: 

The quantity, A^Q* » used in eq.  (6. 1. 13) is defined by the relation: 

Now an initial guess must be made for j£, .    Then substituting the 

value of X; from eq. (6. 1.12) into eq. (6.1. 9) expanding the resulting 

equation in a Taylor series about the approximate set of   Z: , and retaining 

only first order terms, one obtains a set of linear equations of the form: 

6.1.14 

6.1.15 

6.1.16 

7 Jk 

where 

Bfc-rtol*-^* 
6.1.17 

and A2K are the correction terms for the initial choice of 2\'.    With the new 

values of  2  , the procedure is repeated and the iteration continued to the 

desired accuracy. 
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U/^T/^ and   [jU^Jr 6,2     Evaluation of thfc Derivatives   U/oyT/-p and   l^loj-f» 

Differentiating eq.  (6. 1.12) with respect to lo$(T) at constant -f one 

obtains: 

Ü \ol T/f~ !RT      Z.pLj(^)r 6-2-3 

where we have made use of the thermodynamic relatior 

1 «-Ah. Lp T 6.2.2 

and Ajh   is defined as: 

Taking the derivative of eq.  (6. 1.8) with respect to logfr) at constant *p, 

where the correct set of    X-   have been used, and substituting eq.  (6. 2. 1) into 
-. 

the resulting expression yields: 

which gives a set of simultaneous equations from which the set of derivatives 

\d loqTU  may be determined, allowing, finally, the evaluation of the set of 

derivatives \$logT/U from eq.  (6. 2. 1) 

The set of derivatives   Uiogfl may be derived in a similar manner. 

Differentiating eq.  (6. 1. 12) with respect to  legjp) at constant T we have now: 

6.2. 

while taking the derivative of eq.  (6. 1.8) with respect to   *f    at constant 

T , where again the correct set of    X; have been used, and substituting 

eq.  (6. 2. 5) into the resulting expression we obtain finally: 

^B^l' 6.2.6 
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This provides a set of simultaneous equations from which the set of derivatives 

\ <J lo^p/r       ina>r ^e determined.    Consequently, the derivatives  \^ \oq-p lj 

may be evaluated from eq.  (6. 2. 5). 

6. 3     Partial Derivatives of Molecular Weight 

The partial derivatives of the molecular weight can be expressed most 

conveniently in terms of the partial derivatives of thr mole franctions.   Making 

use of a    mathematical identity, we can write: 

/1WJ)  Ä j_ (JxnJ) 
UlogT If       m \^\ofr)f 

With the use of eq.  (2. 5), where  rtl^ *si o£ course, a constant, we obtain: 

6.3.1 

fflgfV-prttiw, 6.3.2 

Similarly, it can be shown that: 

6.3.3 

6. 4     Evaluation of Equilibrium Specific Heat 

The equilibrium specific heat per unit mass is denoted by the expres* 

sion trip where 

h -£** m 6.4. 

Performing the indicated differentiation yeilds then: 

where the first term on the right hand side represents the frozen composition 

specific heat per unit mass, C<>r.   Expressing the derivatives in logarithmic 

form we have: 

•fe " cff *"^T(j)5r)f +■ £$r (if^rlp 6.4.3 
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Note that for the case of frozen composition, the derivatives on the right hand 

side of eq.  (6. 4. 3) vanish, leading to the identity that   C*>t** C^r . 

6. 5     Evaluation of Thermodynamic Derivatives  IS TAP an<*     w^Ptr 

Differentiation of the ideal gas equation of state with varying molecular 

weight yields: 

and 

■ WMHu-fltwM 6.5.2 

These relations are necessary to evaluate the equilibrium sound velocity and 

specific heat ratio, while eq.  (6. 5. 1) has already been used in section 2. 

The derivatives on the right hand side of the equations have been determined 

already in section 6. 3. 

6. 6     Evaluation of the Equilibrium Specific Heat Ratio 

The equilibrium specific heat ratio,   V^   , is defined as: 

ye = Q-^ 6. 6. : 

which upon substituting the well-known specific heat equation: 

Cfe " °vfe Ä " T^f/iipjr 6.6.2 

becomes: 

fc-  CJ^TÜZTMi 6.6.3 

Substituting now eqs.  (6. 5. 1) and (6. 5. 2) into (6. 6. 3) and rearranging terms 

we obtain finally: 

^e " Co. —HiJiiatttrblt/n, . A Zoom r? 6- 6- 4 

=* -to-wpyyci^effl 
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Note that for frozen composition, the derivatives of the molecular weight,   m   i 

vanish so that 

6. 7   Evaluation of Equilibrium Sound Velocity 

The equilibrium sound velocity is given by: 

*-HH 
The above can be expressed in terms of«p,V, and Tand the specific heat data 

by a number of ways,    One is by the use of the specific heat ratio 

ft*   tg 6.7.2 
Now        C     * T(yf)     and Qt * T$£), so that eq.{6. 7. 2} becomes 

Since, by the partial derivative relation between three variables, 

and 

6.7.4 

6. 7. 5 

Substituting eqs.(6. 7. 4)and'6. 7. 5)into eq. (6. 7. 3)ar.d simplifying gives: 

»■»-»•^ "• 
Hence 

&), - v. &v 6. 7. 7 

Therefore the equilibrium sound velocity is given by the expression 



Substituting eqs.  (6. 5. 2) and (6. 6. 4) into (6. 7. 8) yields after rearrangement 

a* s ft ^/IkmJ7' 'Ümt, .JÜSTI2 6.7.9 

for frozen composition, (11^ pjf s (T^rL" ö and eo*«  (6. 7. 9} reduces to the 

classical therm ©dynamic relation 

It should be noted that the equilibrium velocity of sound is not equal to 

fleftT/ m      .    If one wishes to use a similar expression it can be done by in- 

troducing a quantity  I    such that 

Then by comparing eqs.  (6. 7. 9) and (6. 7. 11) 

1 r* 6.7. 12 

Clearly, if the molar mass  m  is constant 

However if the molar mass is varying, 

».'-ftÄ ■ #fc$ - Öfeji rot. 
while from the temperature-entropy relations, with e the internal energy 

T- f^)s 
which should be contrasted to   L   used in eq.  (6. 7. 8). 
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7.     COMPUTER PROGRAM AND DATA 

The program written for the IBM 7090 digital computer at the Computer 

Center, University of California, Berkeley, to evaluate the detonation para- 

meters of gaseous mixtures consists of four programs and subprograms.    The 

Fortran listings are given in Tables 2-7 which are discussed below.    A flow 

diagram illustrating the operations performed by the four sub-routines and 

their interdependence is shown in Fig.  5. 

Table 2    Source Program 

This program loads the initial data into the computer and evaluates the 

upstream thermodynamic properties.    These initial conditions are then printed 

out, and several constants are evaluated from the input data which are used 

later in the program. 

Tables 3, 4, 5    Subroutine Spec 

There are three Spec subroutines which shall be denoted by Spec(a), 

Spec(b),and Spec(c).  The purpose of the subroutine in all three cases is either 

to specify the pressure at which properties are to be evaluated on the Hugoniot 

or Rankine-Hugoniot curve, or to converge to a particular pressure, e.g. Pcr , 

PVN » or  Pv^j. 

The thermodynamic properties and equilibrium composition are printed 

out for each solution in this subroutine. 

Table 6    Subroutine Main 

Subroutine main is called by the Spec subroutine to determine the 

correct value of temperature on the Hugoniot (or Rankine-Hugoniot) curve 

corresponding to the given value of P.    After converging to the correct 0, 

the equilibrium sound velocity and specific heat ratio are evaluated and the 

subroutine returns to subroutine spec. 
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Table 7 Subroutine Brink 

This subroutine is called by the subroutine main at each approximate 

value of Tand P to evaluate the equilibrium composition and several thermo- 

dynamic properties. 

Table 5   Input Data 

The input data is given to the computer on IBM data cards.    Instructions 

for putting the required data on the cards are given below.    The foi.nat state- 

ment is given by each data card and the numbers on the left indicate the 

spaces on the card where the data must be inserted 

Data I:   1 card (7E10. 3) 

1-10: so , atmospheres 

11-20: 7/» degrees Kelvin 

convergence criterion for A&j 

convergence criterion for ATJ     " *c j y   ^ ^v/y   an(*   ^* *va* 

increment of P for Spec (a) 

blank for Spec(b)and Spec(c) 

initial value at P for Spec (a) 

initial approximation of    icj for Spec(b) 

initial approximation of   Py/^  for Specie) 

initial approximation for T corresponding to the initial P 

Data 2:   1 card (7E10. 3) 

I-10: blank 

11-20: initial approximation for    Pys.i  for Spec(b) 

blank for Spec(a) and Spec(c) 

21-30 

31-40 

41-50 

51-60: 

61-70: 
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Data 3:   1 card (7110) 

1-10: number of pressures to be evaluated on Hugoniot curve 

for Spec (a) 

blank for Spec(b)and Spec(c) 

U-20: number of constituents in downstream equilibrium system 

21-30: number of components in downstream equilibrium system 

31-40: number of species in upstream mixture 

41-50: 1 if     f^»i     is to be computed for Spec(b) 

0 if     Pv-I     *8 not to De computed for Spec(b) 

blank for Spec(a)and Spec(c) 

Data 4: 1 or more cards (7110) 

1-10: subscripts of constituents appearing in Initial mixture 

Data 5 

11-20: subscripts of constituents appearing in lists of components 

Data 6:   twice the number of cards as the number of constituents in downstream 

system 

1-70: Data on each card is a line from Table  8; i. e.,   each 

card has coefficients for one species and for one 

temperature range.    The cards with the coefficients for 

the constituents must appear in the order that the 

constituents appear in the    tt'j ,  i. e.,   Data 8.    The low 

temperature range coefficients must appear first 

followed by the high temperature range coefficients. 

Data 7:   1 or more cards 

10 spaces 
per data: molecular weights of components in order 
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Data 8.    1 or more cards (7E10. 3) 

The matrix of the stoichiometric coefficients»    rLj , with one or more 

cards for each L .    If .  becomes greater than 7, use two cards for each c . 

Data ?:    ! or more cards 

10 spaces 

per data:   relative composition of upstream mixture in order of Data 4. 

Data 10:    I or more cards (7A10) 

10 spaces 

per data:    symbols of constituents 

Data 11:   1 or more cards (7E10. 3) 

Approximate mole fractions of components in equilibrium products'. 

Data 12:   1 card 

blank for Spec (a) and Spec(b) 

value of Mach number at which shock wave properties are to be computed 
for Spec(c) 

Table 8    Preparation of Thermodynamic Data 

A fifth degree polynomial was fitted to the specific heat data of each 

species so that the molar specific heats were given by: 

SfL = v        /        ^n 
R,        L <*nL{T'\0 )        loo* T$ ISOO 

Q  '       5- 7,6, 1 

ft-   " ^Zc^iiT'iO^ )      ISOO StTSS-iCO 

where two series expression were used to obtain a more accurate fit over the' 

entire temperature range.    The molar enthalpy of the i» species was found 

then by integration of eq.  (7. 6. 1), yielding thus: 

fir*  Xoani[T'IC~y/n+l)    +a^r)      \ooiri irao 

k      #,     / *\/    . .     / 7.6.2 ^tMr^t)   thjr) &T      £-bncl I    1° //(n-hi       + hu/(T        IScciT^Svo 

■ 

■ 

mmsm -• 
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where the constants of integration CL^ and  b^ were adjusted so that the 

enthalpy computed from both eqs. (7. 6. 2) were identical to the value listed 

in the JANAF tables at 1500°K. 

Dividing eq. (7. 6. 1) by the temperature and integrating the resulting 

expression yielded finally an equation for the molar entropy: 

it * a-odooT  i- £ anA~p \d j%-i) -f-a7c.      /oo< T * isoo 

where again the constants a^ and   L7; were adjusted to provide an identical 

fit with the JANAF data at 1500°K. 

Table 9 lists three sets of sample input data for the computer program 

using Spec(a), Spec(b), and Spec(c) respectively where each set is for a 

2H2+0 mixture initially at 1 atm and 288. 72°K (60°F).    The corresponding 

computer output is then listed in Tables 10-12. 

7.6.3 
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8.     DISCUSSION OF RESULTS 

Detonation parameters for the forty different initial conditions listed on 

page 4 were calculated using the computer program and the results are pre- 

sented in Figs.  6-31. 

Figs.  6-9 show the P-Vrepresentation of the Hugoniot curves computed 

for initial pressures of . 1 and 760 mm Hg.    Fig.  6 presents the Hugoniot curves 

for a    3W2+Oj     mixture initially at 200 F, Fig.  7 shows the Hugoniot curves 

for all three compositions at an initial'temperature of 60 F, Fig.  8 illustrates 

the results for a    3Hz+0?    mixture initially at -50 F while, finally Fig.  9 

displays the Hugoniot curves for all compositions at an initial temperature of 

-180 F.    It is of interest to note that the Hugoniot curves are relatively inde- 

pendent of initial composition, and further that the CJ state in all cases has a 

volume, or velocity, ratio of approximately 0.54. 

Figs.   10 and 11 show dimensionless temperature-entropy and pressure- 

entropy diagrams for the case of a   SHz+O?      mixture initially at 1 atm and 

60 F.    They illustrate the classical condition that the entropy is a minimum 

at the CJ state.    Further they indicate that the pressure variation is greater 

than that of the temperature over a given portion on the Hugoniot curve. 

The effect of initial pressure on the CJ pressure and temperature ratios 

are shown respectively in Figs.   12 and 14.    Fig.   13 is a cross plot of Fig.  12 

for the   3H2+O2 composition and illustrates the obviously greater effect of 

initial temperature on the CJ pressure ratio. 

Figs.   15 and 17 show the effect of initial pressure on the CJ wave velocity 

and Mach number respectively.    It is interesting to note that the CJ wave 

velocity is comparatively independent of initial temperature, while the Mach 

number is relatively independent of composition.    Fig.   16» obtained from a 
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cross plot of Fig.  15 for the SH^C^     composition demonstrates the effect 

of initial temperature on wave velocity. 

Figs.  18-25 show the equilibrium composition at the CJ state as a 

function of initial pressure for each initial composition and temperature. 

They reveal the interesting result   that the equilibrium composition of    H^O 

is approximately the same for all conditions. 

Figs.  26 and 27 indicate the effect of initial pressure on both frozen 

and equilibrium CJ specific heats for all three compositions at -180°F and 

60 F.    The frozen specific heat is seen to be independent of initial compo- 

sition.    More interesting yet is the comparison between the equilibrium and 

frozen specific heat, the former being about five times larger than the latter. 

Fig.  28 illustrates the dependence of   both frozen and equilibrium CJ 

specific heat ratios on the initial pressure.    The equilibrium specific heat 

ratio,   ^e > *s nearly independent of initial pressure and temperature, but 

shows a significant dependence on composition.    The frozen composition 

specific heat ratio,    04.  , on the other hand, shows an obvious dependence 

on initial pressure, although it is relatively independent of initial tempera- 

ture and composition. 

The von Neumann spike values of P , © , and V are shown in Figs.  29i 

30, and 31 as a function of initial pressure.   It is interesting to note that the 

ratio of the VN pressure and temperature to the corresponding CJ values is 

nearly independent of the initial conditions. 

The CJ properties for the initial conditions considered are tabulated 

in Table 13, while the von Neumann spike properties are presented in 

Table 14. 

Finally, it is of interest to compare results of the present calculations 

with those obtained by other investigators together with some experimental 
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results.    The data for CJ detonations presented in Table 15 indicate a good 

agreement between the various results based on the use of the equilibrium 

sound speed» which in general are slightly larger than both experimental 

measurements and those results based on frozen sound speed.    The present 

results also agree quite well with those of Bollinger and Edse (7), which were 

obtained at 313°K. 
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TABLE 1. Comparison of Various Methods of Analysis 

rs 

AUTHOR SYSTEM SCOPE 
INDEPENDENT 
VARIABLES METHOD REMARKS 

r- — 

Lewis & 
Frlauf (I) 

Hydrogen-Oxygen 
with Inerts 

CJ state T2. v2 

Iteration on T2 ,Vo , to 
satisfy conservation equa- 
tions with CJ state deter- 
mined from condition 

M2 = M2j = 1 

Atomic oxygen not 
considered In the 
equilibrium system 

Berets, 
at al (2) Hydrogen, Oxygen CJ scata T2.v2 

Same as Lewis and 
Frlauf 

:  Edaa (3) Arbitrary 
Hugonlot 
curve and 
CJ state 

T2 

Hugonlot curve determined 
by selecting arbitrary 
T2 and Iterating for the 
corresponding value ofpn . 
C! state determined whin 
slope of Hugonlot curve is 
Identical to slope of 
Raylelgh line. 

Wolf»on 
& Dunn (A) Arbitrary CJ atata V*2 

Iterations on \  and P2 t0 
setlsfy conservation equa- 
tion with CJ point determin- 
ed from conditionM2=M2^-1.0 

Luker 
at al (5) 

Hydrogen,Oxygen 
and Steam 

CJ state T2 P2 
Same method as Reference 1 Van de Waal equa- 

tions of state 
used for H20 

Elsen 
at al (6) 

C,H,0,N,A 
Hugonlot 
curve and 
CJ state 

M, 

For selected values ofMj, 
Iterations are preformed 
to determine points along 
Hugonlot curve. CJ state 
specified by condition that 
M^ Is a minimum. 

First to check CJ 
state with M2e=l 

I  Bollinger 
& Edse (7) 

Hydrogen-Oxygen CJ state T2 

Hugonlot curve found by 
selecting arbitrary \   • and 
determining corresponding po 
by Iteration. The CJ state 
Is determined by finding the 
value of minimum M^ . 

Equilibrium equa- 
tions are Incorpor- 
ated directly In the 
conservation equa- 
tions              [ 

Barrare 
at al (8) 

Arbitrary CJ state P2'
T2 

Computes equilibrium compo- 
sition for several values 
of p and T In the neighbor- 
hood of the CJ state. Value« 
of Te  and h are then evalu- 
ated from both the conserva- 
tion equations and the equa- 
tion of state. A cross plot 
technique yields the solu- 
tion to the CJ state. The 
criteria for the CJ state Is 
that of minimum entropy. 

Graphical method 

i  Zeleznlk & 
Gordon (9) 

Arbitrary CJ state P2T2 

Iteration on a, and To with 
condition Mo= M2e incorpor- 
ated In conservation 
equations 

Sound speed of 
products expressed 
by cä=rRT Ä where 

:  Bird 
1  et al (10) 

Arbitrary includ- 
ing condensed 
phase 

Hugonlot 
curve & 
CJ state 

\ 

Pp 1* determined Itera- 
tive ly for specified T2 to 
satisfy Hugonlot equation 
and equation of state. CJ 
täte evaluated for M^ 
imlnumum. 

May Include more 
than one phase In  j 
the chemical system 

Present 
Work 

I           1 

Arbitrary 

CJ state, 
von Neumann 
spike and 
Hugonlot 
curve 

P2 

T2 is determined ltera- 
,tlvely for specified P2 to 
satisfy Hugonlot equation 
and equation of state. CJ 
state evaluated forMe2=l. 

Sound speed of    ' 

Y  - Cpe 



TABLE 2o   Fortran LLstlng - Source Program 

* LIST 
• LABEL 

DIMENSION A(10tiO)tBC20tlO)tBB<20)»BC<20tlO)tC<30»10)tCOMP(20)t 
lCPM(20)tAEO(10tl0)tD2(20)tG(20)t66(10)tH(20)tHFC20)tO(10)tUU(2O)t 
2UB<10)tWMM<20)iNB<10)tNX<20)tX<20)tZ<10)tWMC<10)tWMP<20)tCP<20)t 
3STORE(50.20)tBETA(20).DH<20) 
COMMON AtAA.AAA#BtBBtBBB.BC»C»CCtCOMP.CDZtCDVtCPM,CPltCP2.D»DP,DT. 
lDT2fDZfGfGAMMAl»GO»H,HFtHl,H2tMMtMP»NB,NCM,NCOM,NCONtNGOtNNfNX,P» 
2Pl*P2.QtQO»RtSONIC,T»Tl,T2»Ul.UU»UB»V»Vl»V2.WM,WMM,WMO.X»XN,2.2Zt 
3E,WMl,WMCtWMP»CONV»CONtCP»EMACH2»FMACH2»XMCHl»FRSON»EOSON»GAMM2R» 
4GAMM2EtCPRfCPEtH2tSTORE.U2tCVE»CVR.BETAtDrULSMFT.DStDU.DELP.XXtYY* 
5LX»LY»LZ.LW.LV,LU»LT»LStLR»LD»QLOSStSOUNDfCHECKVtCHtCK»N»RR,RRM,SS 

1000 FORMAT C7E10.6) 
1001 FORMAT (7110) 
1003 FORMAT (7A10) 
1004 FORMAT (6E12.5) 
1005 FORMATC8E10.3) 

R«1.98726 
C0NV»4184. 

      —  CON**i*0*/i-*Oi*»-- 
1050 READ lOOOtPltTltCDZ.CDV.DPtPtTtQLOSStCHECK 

N60«0 
NN«0 
IF(P1) 1100.200091055 

1100 PRINT 1110 
 ittO- FORMAT t7H STOP 1>  - 

CALL EXIT 
1055 PRINT 1060 

ARG6»0 
1060 FORMAT(56H1HUGONIOT CURVE CALCULATIONS FOR GASEOUS MIXTURES PROP 

162HULSION DYNAMICS LABORATORY—UNIVERSITY OF CALIFORNIA—BERKELEY) 
- H50 READ 1001 fMPtNCONtNCOM iNOHLR 

READ 1001. (NX(I)tlsltNCM) 
READ 1001» CNB(J)tJsltNCOM) 
N«NCON 
DO 1160 I-ltNCM 
IF <N-NX(I))1155tll60tU60 

  «55 **NXft) 
1160 CONTINUE 

MC«2*N 
READ 1005»((C(ItJ),J=lf8)»I=l.MC) 

1200 READ 1000t (WMC(J)tJ-l.NCOM) 
DO 1250 I=1»N 

s iMO READ 10O0ttBrttJ)tJ«ltNCOM) 
READ 1000tCX(I)tI«l.NCM) 
READ 1003»(COMP(J)»J»1»N) 
QQ«0«0 
DO 1300 I*ltNCM 

1300 QQ*QQ+X(I) 
r—      -     DO 1350 I»ltNCM 

1350 X(I)«XU)/OQ 
QQ«0.0 
DO 1500 J*ltNCOM 
O(J)«0.0 
DO 1450 K'ltNCM 



TABLE 2 - Continued 

I-NX(K) 
1450 Q(JI=Q(JI+B(I»J)*XIK) 
1500 QQ=QQ*QJJ) 

DO 1550 j*i»NCOM 
1550 Q(J)=Q(J)/QO 

WMO=0 
DO 1560 JsltNCOM 

1560 WMO*WMO+WMC(J)*0<J) 
WM1«WM0*QQ 
RRsR/WMi 
RRM=RR*T1 

' DO 1690 I«ltNCON 
WMP(I)«0* 
DO 1690 JMtNCOM 

1690 WMP(I)*WMP( I)-fB( I tJ)*WMC(J) 
DO 1700 I=l.NCON 
BB(I)«0.0 
DO   1700  J=l#NCOM 

1700  BBU)=BBU>+B<ttJ> 
DO 1750 I=l»NCON 
DO 1750 J=l»NCOM 

"1750 BC(I»J)=B(I»J)-(BB(I)-U)*Q(J) 
TK=T1/1000. 

1760 IFU1-1500.) 1770tl770»1772 
1770 DO 1771 K=ltNCM 

1771 CPMCK)«! m(C(I»6)*TK+CCI,5))*TK+C<It4))*TK+CUt3))*TK+C<It2>)»TK* 
lC(Itl))*R 
GO TO 1780 

1772 DO 1773 K=1*NCM 
I«NX(K) 
JM+N 

1773 CPM(K) = (((UC(J»6)*TK^C(Jt5M*TK^C(J»4))*TK^C(J,3))*TK^C(J»2))*TK-»- 
"  lT(Jtl))*R 

1780 CP1«0, 
DO 1800 1*1»NCM 

1800 CP1*CP1+CPM<l)*X<I) 
GAMMA1=CP1/«CP1-R) 
CPl^CPl/WMl 
S0NIC=GAMMA1»R*T1/WM1 
Ul*SORTF(SONiC«CONV) 
V1*R*T1/(WM1*P1> 
V«Vl*CON 
IF(T1-1500») 1810tl810tl812 

1810 DO 1811 K*1»NCM 

HF<K)«< ((((C(l»6)*TK/5.*CUt5)/4#»*TK+C(U4)/3t)*T»CK(U3)/2.)*TK* 
1C(I • 2))»TK+C(111)*LOGF(T1))*R*t (I•8)«R 

1811 HfK)«tC(f<CClt6)«J*/6«+C< 115)/5. )*TK*C 1 114)/4. )»TIOC< 113 )/3. >*TK* 
iC(it2)/2.)*T»UCCl»l))*U*R*C(l.7)»R 
GO TO 1850 

"1812 DO 1813 K«1.NCM 
I«NX(K) 

HF(K)»(H<<CtJ*6)*TK/5.*CUt5)/40*TK«<(Jf4)/3.)*TK*C<Jt3)/2.   * TK + 
lC(J»2)>*TlC*C<Jtl)«LOGFmn*R«-CUi8)«R 

1813  H(Kls<<mCUt6)«TK/6»*CUt5>/5«)*TKK(Jt4)/4*)MK*CUt3)/3«)»T»U 
 TCiJ?2)7rt7lTK*CtJtl)l»TI#R<Ut7)»R 

1850  H1«0. 
SS«0. 



TA LS 2 - Continued 

DO  1900  J=ltNCM 
SS«SS+ XtJ)»CHFU)-R«LOGF<Pl»XUm 

1900 Hl»Hl+HtJHXUt  
Hl«Hl/WMl 
SS»SS/R 
HH«H1/RRM 
HC«CP1/RR 
PRINT   1950 

-*9*0~FORMAT*30H0  HHTIAt  CONDITION OF MIXTURE! 
PRINT   1960*PltTltHH*Ul 

1960 F0RMATC4H0Pl*E12»5»     14HATM TEMP«F10.4tl6H DEGK     ENTMALPY*F10 
>U?tl6H                     SD VEL=F10«4t5HM/SEC> 
PRINT 1961tV t HCtGAMMAltWMl 

1961 F0RMAT<4H Vl*E10.5tl6HCM3/GM     CP1=F10.3*16H        GAMMA1*F10 
t#3?16H WM1»F10#3/) 
ORINT 1959tSS 

1959 FORMATC9H ENTROPY«F10.4) 
PRINT 1962 

1962 FORMATC23H0COMPOSITION OF MIXTURE/) 
DO 1965 J=ltNCM 

-  **N)K^*  
PRINT 1963,COMP(I)»X(J) 

1963 F0RMAT(A7»2H =E12.5) 
1965 CONTINUE 

READ 1000t (X(J)»J=ltNCOM) 
1980 CONTINUE 
 CAtt SPEC  -       - "  

GO TO 1050 
2000 CALL EXIT 

END 



TABLE 3. Fortran Listing - Spec(a) Subroutine; 
Hugoniot Curve Calculations 

2UB(10)»WMM(20)»NB(10)»NX<20)»X(20)»Z<10)»WMC(10)»WMP(ZO)»CPIZO)» 
3STORE(5O»20)»BETA(20)»DH<20) 
COMMON A»AAtAAA.B»BB»BBB.BC»C»CC.COMPtCDZ»CDV»CPM,CPl»CP2»D»DP»DT» 

 lDT2»DZ»GtGAMMAl»GG,H,HF»Hl»H2»MM,MP,NB%NCM,NCOM»NCON»NGO,NN»NXtP» 
"~-~—   2P1»P2»0»QQ»R»SONIC»T»Tl»T2»UlfUU»UBtV»Vl»V2»WM»WMM»WMOtX»XN»Z»ZZ» 

3E»WMl,WMC»WMP,CONV»CON»CP.EMACH2»FMACH2»XMCHl»FRSON»EQSON»GAMM2R» 
4GAMM2E»CPR»CPE»H2»STORE»U2»CVE»CVR»BETA»DH»LSMFT»DS»DU»DELP»XX»YY» 
5LX.LY»LZ»LW»LV»LU»LT»LS»LR»LD,QLOSS»SOUND.CHECKV.CHECKEN»RR»RRM»SS 

1 FORMAT(1H ) 
2 F0RMATt47HlTHERM0DYNAMlC PROPERTIES ON THE HUGONIOT CURVE)  
3 FORMAT(56H0 PRESS R  TEMP R  VEL R  MACHl FMACH2 FMACH2  FSDVEL2 

165HESDVEL2 FGAMM2 EGAMM2   FSPHT   ESPHT     ENlHk   MOLWT  ENTROP 
2Y ) 

4 FORMAT(F9.4tF8«4»F7#4»3F7.4»2F9.3»2F7*4»2F8.4»F 10.3 tF8«3»F9«4) 
5 FORMAT<F10.4»9E12.5) 

 6    F0RMATC46H1EQUILIBRIUM COMPOSITION ON THE HUGONIOT CURVE)  
7    FORMAT(10H0 PRESS R 9A12) 

NGO=0 
2000 MM=5 

LSMFT=0 
K=NCON+l 
 LV=0  

PRINT 2 
PRINT 1 
PRINT 3 
GO TO 2250 

2200 P=P+DP 
2250 P2=P*P1   
 |^rMMi  

CALL MAIN 
XX=XX/RR 
H2=H2/RRM 
CPE=CPE/RR 
CPR=CPR/RR 
 1HMM-3) 2iU0»2279i??T3 '  

2275 PRINT 1 
MM=0 

2 300   PRINT  4»P»T»V»XMCHl»FMACH2»EMACH2»FRSON»EQSON»GAMM2R»GAMM2E» 
KPRtCPE»H2»WM,XX 
MM=MM+1 
 NbQsNbO+I  

LSMFT=LSMFT+i 
STORE(LSMFT»l)=P 
DO 2700 I=l,NCON 
L=I + 1 

2700 STORE(LSMFT»L)=X(I) 
— 1F1MP-NQO) i000i2800t27D0  
2750 IF(40-LSMFT) 2800»2800»2200 
2800 MM=5 

PRINT 6 



TABLE u        Fortran Listing  Spec(b» Subroutine; CJ Calculations 

»     LIST 
»     LABEL 
*     FORTRAN 

SUBROUTINE SPEC 
DIMENSION A(10*10)»0(20*10)*BB(20)»BC(20»10)tC(30t10)»COMP<20)• 
1CPM(20).AEQ<10»10)»DZ(20)»G(20)»GG<10)»H<20).HF<20)»QUO)»UU120)» 
2UB(10)»WMM<2O)»N8(10)»NX<2O)»X<20)»Z<lO)»WMC(lC)»WMP(20)»CP<20). 
3STORE(5O»20).BETA(20)»DH(20) 
COMMON A.AAtAAAtB»BB.BBB»BC»C»CC.COMP.CDZ»CDV.CPM.CPl»CP2»D»DPtDT» 
lDT2»DZ»GfGAMMAl.GG»H»HF»HltH2»MM»MP»Nb»NCMfNCOM»NCON.NGOtNNfNX»P, 
2PltP2iQ»QO.R»SONIC.T»Tl»T2»Ul»UU»UB,V»Vl»V2.WM»wMM»WMO,X»XN»Z»ZZ» 
3EfWMl»WMC.WMP.CONV»CON»CP»EMACH2.FMACH2»XMCHl,FRSON»EQSQN»GAMM2R» 
4GAMM2E»CPR»CPE»H2»ST0RE»U2»CVE»CVR»BETA.DH»LSMFT»DS»DU.DELP.XX»YY» 
5LX»LY»LZ»LW»LV»LU»LT»LStLR»LD.QLOSS»SOUND.CHECKV«CHECK.N»RR»RRM,SS 
IF (LR) 5.5.4 

4 PX = 0# 
GO TO 2100 

5 PP = P 
TT = T 
P=CHECK 
P2=P*P1 
T2=T*T1 
LV*1 

10   CALL MAIN 
DS=H2 
DD = H2 
BBBB=Hl+Vl*(P2-Pl)*ULUSS 
P=P+.05 
P2=P«P1 
CALL MAIN 
DSMH2-DS) 
AAA=V1»P1 
CC=DS/»05 
DELP=(DD-BBBB)/(AAA-CC) 
IF(ABSF(DELP)-1.» 14.12.12 

12   OELP=OELP/ABSF(DELP) 
14   CONTINUE 

P=P-#05+DELP 
IF(ABSF(BBBB-OD)-CDV)20»20♦10 

20 IF(ABSF(DELP)-CDV> 21»21»10 
21 PX=P 

PRINT 22» PX 
22 F0RMAT(63H0 THE PRESSURE RATIO OF THE HUGONIOT CURVE AT V2=V1 IS E 

1QUAL T0F9e4) 
IF1PX-1.) 23t23»28 

23 PRINT 25 
25   FORMAT<48HCTHERE IS NO CHAPMAN-JOUGUET POINT FOR THIS DATA) 

GO TO 3270 
28   P=PP 

T = TT 
DO 2000 1=1.NCM 
K»NX( I) 

2000 DH(I)=X(K) 
DO 2050 1=1.NCM 

2050 X(I) = DH<I) 
2100 PRINT 2200 
2200 FORMATUH //) 

PRINT 2250 
2250 F0RMAT<54H THERMODYNAMIC PROPERTIES AT THE CHAPMAN-JOUGUET POINT) 

P2=P«P1 
T2=T*T1 



TABLE 4 - Continued 

LV«0 
2300 CALL MAIN 

PpsP 
P«P*.05 
P2«P*P1 
S0UNDSEMACH2 
CALL MAIN 
t/U" I EWWv.nc    ITU I r • t75 
DELP=<1.-SOUND)/DU 
IF(ABSFtDELP)-U) 2310#2308*2308 

2308 DELP*DELP/ABSF(DELP) 
2310 CONTINUE 

P=PP+DELP 

IF(ABSF<S0UND-1.) -CDV) 2350»2350t2300 
2350 IFIABSF(DELP)-CDV) 2500»2500t2300 
2500 CONTINUE 

CALL MAIN 
W2/T1 
PRINT 2520 

2520 FORMAT(56H0 PRESS R  TEMP R  VEL R  MACH1 FMACH2 EMACH2  FSDVEL2 
165HESDVEL2 FGAMM2 EGAMM2   FSPHT   ESPHT     ENTH2   MOLWT  ENTROP 
2Y ) 
PRINT 2560 
XX=XX/RR 
H2«H2/RRM 
CPE=CPE/RR 
CPRsCPR/RR 
PRINT 2550tPtTtVtXMCHltFMACH2tEMACH2tFRSON»EQSONtGAMM2RtGAMM2Et 
lCPR*CPE»H2tWMtXX 

2550 FORMAT<F9#4*F8»4tF7.4•3F7#4»2F9.3»2F7.4t2F8«4tFl0»3tF8.3tF9«4) 
2560 FORMAT UH ) 

PRINT 2560 
PRINT 2600 

2600 FORMAT(54H0 EQUILIBRIUM COMPOSITION AT THE CHAPMAN-JOUGUET POINT) 
PRINT 2560 
LFIRST=1 
IF<NCON-9) 3000t3000t2950 

2950 LPRINT=9 
GO TO 3050 

3000 LPRINT=NCON 
3050 PRINT 3060»(C0MP(J)»J= LFIRSTtLPRINT) 
3060 FORMAT(9A12) 
   PRINT 2560 

PRINT 3070#(X(I)tI=LFIRST»LPRINT) 
IF(NCON-LPRINT) 3270t3270t3260 
F0RMAT(9E12.5) 3070 

3260 

- *262 

3264 
3266 

3270 

LFIRST=LFIRST+9 
IF(NC0N-LPRINT-9) 
LPRINT«NCON 
GO TO 3266 
LPRINT=LPRINT+9 
PRINT 2560 
GO TO 3050 
RETURN 
ENO 

3262t3262»3264 



a  

TABLE 5. Fortran Listing - Spec (c) Subroutine, Shock Conditions 
at Given Mach Number 

• LIST 
• LABEL 
• FORTRAN 
 SUBRQUT1HE-&KC   __       _ 

DIMENSION Aa09lO)tB(20tlOltBBC20)tBCC20tlOltC(30tlOltCOMP(20)t 
lCPM<20)tAEQ<10tl0)tDZ<20)tG<20)tGG<10)tH<20)tHF(20)tQCl0)»UU<20)t 
2UB(10)tWMM(20)9NBtl0)tNX(20)tX(20ltZa0)tWMC<10)»WMP(20)9CP(20)9 
3STOREC50t20)tBETA(20ltDH(20) 
COMMON AtAA»AAAtBtBBtBBBtBCtCtCCtCOMPtCDZtCDVtCPMtCPltCP2tDtDPtDTt 
lDT2tDZtGtGAMMAltGGtHtHFtHl»H2tMMtMPtNBtNCMtNC0MtNCONtNG0tNNtNXtPt 
2PltP2tOtOQtRtSON)(CtTtTltT2tUltUUtUBtVtVltV2tWMtWMMtWMOtXtXNtZt2Zt 
3EtWMltWMCtWMPtCONVtCONtCPtEMACH2tFMACH2tXMCHltFRSONtEOSONtGAMM2Rt 
4GAMM2EtCPRtCPEtH2tST0REtU2tCVEtCVRtBETAtDH.LSMFTt0StDUtDELPtXXtYY. 
5LXtLYtLZtLW#LVtLU»LTtLStLRtL0t0L0SStS0UNDtCHECKVtCHECKtN9RRtRRMtSS 

1    F0RMATC8E10.3) 
ty*o 
READ ltXMCHl 
ALPHA*GAMMA1«XMCH1*«2 
T2»T*T1 

9000 P2«P»P1 
CALL MAIN 
VRH«V 
VALPH»l«-lP-i«)/ALPHA 
P«P+.05 
P2«P*P1 
CALL MAIN 
DVDP=CV-VRH)/.05 

_  0ELP*(VALPH-^RHI/10VDP>1«/ALPHA) 
IF(ABSF(DELP)-U) 9100t9100t9050 

9050 DELP*DELP/ABSFCDELP) 
9100 P*P-#05+DELP 

IF<ABSF(DELP)-CDV) 9200t9200t9000 
9200 P2*P*P1 
  CALL_MAJN 

PRINT 9400 
9400 FORMAT<29H0PROPERTIES BEHIND SHOCK WAVE) 

PRINT 9410 
9410 FORMAT(56H0 PRESS R  TEMP R  VEL R  MACH1 FMACH2 EMACH2  FSDVEL1 

165HESDVEL2 FGAMM2 EGAMM2   FSPHT   ESPHT    ENTH2   MOLWT  ENTROP 
 JULX— -  

PRINT 9430 
PRINT 9420tPtTtVtXMCHltFMACH2tEMACH2»FRSONtEQSONtGAMM2RtGAMM2Et 
KPRtCPEtH2tWMtXX 

9420 F0RMAT(F9t4fF8t4tF7.4t3F7.4t2F9.3t2F7t4t2F8.4tFl0#3tF8,3tF9t4) 
PRINT 9430 

_9430 FORMAT(1H ) 
PRINT 9440 

9440 F0RMATC30H0C0MP0SITI0N BEHIND SHOCK WAVE//) 
LFIRST*1 
IF(NC0N-9> 9500t9500t9450 

9450 LPRINT*9 
GO TO 9550 

9500 LPRINT«NCON 
9550 PRINT 9560t(COMP(J)tJ«LFIRSTtLPRiNT) 
9560 FORMAT(9A12) 

PRINT 9430 
PRINT 9570t(X(I)tIsLFIRSTtLPRINT) 

9570 FORMAT(9E12.5) 
IF(NCON-LPRINT) 9770t9770t9760 

9760 LFIRST«LF!RST*9 

^.^■^:x^*- -±-**^Mii^^tmmmj*?*.t 



TABLE   5   -   Continued 

!F(N0ON-LPRINT-9)   9762.9762.9764 
9762   LPRINT*NCON 

GO  TO 9766 
9764  LPRINT»LPRINT*9 
9766  PRINT  9768 
9768   FORMATI1H  //> 

60   TO  4550 
9770  RFTURN 

END 



TABLE 6.       Fortran Listing   -   Main Subroutine. 

* LIST 

* LAbEL 
* FORTRAN 

SUBROUTINE MAIN 
DIMENSION M10»10)»B(20»10)»8B<20)»BC(20»10)»Cf30»10)tCOMP(20)» 
1CPM120)»AEQ<10»10)»DZ<20)»G(20>»GG(10)»H(20)»HF(20>»Q(10)»UU(20)• 
2UBUO)»WMM(20)»NB(10)»NX«20)»X<20»»2(l0)»WMC(10)»WKP(20)»CP(20)» 
3STQRE<50»20)»BErA(20)»OH(20) 

COMMON  A»AA»AAA»D»öö»bbb»BC»'.»CL.COMP»CL>Z»CüV»CPtt»CPl»CP2»D»DP»DT» 
lDT2»DZ»G»OAMMAl»GG»H»HFfHlfH2»MM»MP»Nb»NCM,NCOMtNCoN»NGO#NN»NX»P» 
2Pl»P2»'J»QQ»R»SON!C»T»ri»T2»Ul»UU»Ub»V»Vl»V2»WM»WMM.WKO»X»XN»Z»ZZ. 
3E»WM1»WMC»WMP»CONV»CON»CP.EMACH2»FMACH2»XMOU»FRSON»EQSON»GAMM2R» 
4GAMM2P »CPR »CPE »H2 » STORE »U2 »CVt»CVR»bETA.DH»LSMFT»L>S»DU»OELP»XX »YY» 
5LX»LY,LZ»LW»LV»LU»L1 »LS»LR »Lü»(JLüb5» 30UNÜtCH£t&V »CHECK »N»RR»RRM»SS 

4000   CALL   BRINK 
PVTP=0. 
DO   4005   I=l»NCON 

4005   PVTP = PVTP+*/MP(I )*X( I )*bFTA( I ) 
PVTP=(1.-PVTP/WM)*R/«WM#P2) 
AAA=?.*CP2/(V1*(P2-P1>) 
BBB=2»*(H2-Hl-ULOSS)/<<P2-P1)*V1)-l• 
CC=PVTP/V1 
D=R*T2/(V1*P2*WM) 
DT2=(BBB-0)/(CC-AAA) 
I F ( ABSF ( DT2 ) -400. )   **008 »4008 »400 1 

4007 DT2=400.*(DT2/(AöSF<üT2))) 
4008 T2=T?+DT? 

IF (ABSF(BBB-D)-CDV) 4nl0»4000»4000 
4010 DT2=0T?/T1 

IF(ABSF(DT2)-CDV) 4150»4000»4000 
4150 V = BbB 

T=T2/T1 
IF(LV) 4200»4200»4500 * 

4200 Ul=2.*(H2-Hl-QLOSS)/(i.-V**2) 
U2=(V*.*2)*U1 
XMCH1=SQRTF(U1/SONIC) 
GAMM?R=CPR/(CPR-R/W^) 
FRSON-GAN|tf2R*R*T2/WM 
FMACH2=sbRTF(U2/FRS0N) 
FRSON^SQRTF(FRS0N*C0NV) 
DO 4300 J=l»NCOM 

4300 GG(J)=-Q(J) 
ARG6=0 
LLL=ISIMEQ(10»NC0M»1»A»GG»ARG6»DZ) 
IF(LLL-l) 4320»43?0»431O 

4310 PRINT 4311 
4311 F0RMAT(7H STOP 5) 

CALL EXIT 
4320 DO 4350 I=l»NCON 

BETA(I)=0. 
DO 4340 J=l»NCOM 

4340 BETA(I)=BETA(I)-8(I»J)*A<J»1) 
4350 BETA(I)=BETA(I)-1. 

PVPT=0. 
DO 4400 I=l»NCON 

4400 PVPT=PVPT+WMP(I )*X( I )*BETA( I ) 



TABLE   6   -   Continued 

PVPT=(i,+PVPT/WM) 
GAMM?E=PVTP*«2**^*P?**2/l3*PVPT*CPE) 
GAMM2E*W/< U-GAMV2D 
EQS0N=GAMM2F.*R*T?/ ( PVH] *W.V) 
EMACH2=SQ«TF(U2/L^bUN) 
EQbONsSQRTF (EOSON*CONV) 
xx=c« 
DO   4<o0   I=ltNCON 
IF S X< n*10«**10-l») <*4Si0tMöüt4*3ü 

4430 XX=XX+X( I )*(HF ( I )-N*LO(jF (X( I )*H2) ) 
445r;   CONTINUE 

XX=XX/WV 
43C0 RETURN 

END 



TABLE 7.       Fortran Listing   -   Brink Subroutine. 

* LIST 
* LABEL 
* FORTRAN 

SUBROUTINE BRINK 
DIMENSION   AUOtlO) tB(20tl01tBB(20) tBC ( 20110) tC( 30*10 ) tCOMP ( 20) t 

lCPM(20)»AEQ(lO*10)tDZ(20)*G<20)»GG{10)»H(20)»HF(20)*Q(10)»UU(20)t 
?UB(10)»WMM(?0)*N3(10)fNX(2^) tX < 20 ) »Z ( 10 ) tWMCUO ) »WMP(20 ) »CP (20 > • 
3STQRE(50.2C)tBETA(20)tDH(20> 

COMMON AtAA*AAA*3tBB»BB3tBC*C»CC«C0MPtCüZtCDVtCPM»CPltCP2tDtDP»DTt 
10T2»DZtG»GAMMAltGGtHtHFtMlfH2»^tMPtNbtisCM,NC0MtNC0N.NG0tNN*NX»Pt 
2PltP2«UtüUtKtSONIC*TtTl*T2tUl«UU*üb»V*Vl»V2tW>vitWMMtWMOtXtXNtZtZZ» 
3EtWMl»WMCtWMP«CONV»CON»CP»EMACH2tFMACH2tXMCHl»FRSONtEOSONtGAMM2Rt 
4GAMM2E»CPRtCPEtH2tSTORE•U2tCVt»CVRtBETAtDHfLSMFTtDStDUtDELP»XX.YYt 
5LXtLYtLZ.LW»LVtLütLTtLS»LR.LÜtOLOSStSOuND»CHECKVtCHECICtN»RRtRRMtSS 

L«0 
TIC-T2/1000. 
IF(T2-1500.)   500»500#502 

500 DO   501   I=ltNCON 
CPU ) = <(( (<C(It6)«TK+C(It$)>*TM-CtIt4)>*T*+C< U3))*TK+C(I»2))*TM- 

iccitin*R 
H(I)t(((t(C< I.6>*TK/6»+C(I»5)/5.)»TK+C(It4)/4«)«TK+C(U3)/30*TIC+ 

lCU»2)/2.)*TK+C(I»l))*T2*R+C(Ii7)*R 
HF(I )*(((( (CU»6)*TK/5.+C< I »5 ) /4. >*TK+C ( 1t4 ) /3. > *TK+C ( I »3 ) /In )«TK+ 
lCUt2))»TK+C<Wl)*LOGF(T2))*k+C<I»8)*R 

501 UUU)=H(I)-T2*HF(I) 
GO TO 504 

502 DO 503 I=ltNCON 
J*I+N 
CP( I ) = ( << ( <C(J»6)«TK+C<Jt5) >*TK+C<Jt4> )*7k+C ( Jt 3 ) **TK+C< J»2 ) )*TK+ 
lC(Jtl))*R 
HU) = (( ( < <C<Jt6>*TK/6.+C(J.5)/5.)*TK+C(J»4)/4.)*TK+C(J»3)/3.)*TIC+ 
lC(Jt2)/2.)«TK+C(J»l) )*R*T2+C(J,7)*R 
HF( I ) = ( ( ( ( K(J»6)*TK/5.+C( J»5)/4.)*TK-»-C(Jt4)/3«)*TiC^C(J»3)/2«)*TK+ 
KtJf2))*TK+C(J»l)*LOGF(T2))*R+C(Jt8)*R 

503 UU(I)=H(I)-T2»HF<I) 
504 DO 505 J=l»NCOM 

I=NB(J) 
505 UB(J)=UU(I) 

DO 520 I=l»NCON 
G(I)=0.0 
DO 510 J=l»NCOM 

510  G(i>=B(ItJ)*UBlJ)/(R*T2)+G(1) 
520 G(I)=G(I)-LOGF(P2)-UU(I)/(R*T2) 

IF(NN) 523»523»521 
521 DO 522 J=ltNCOM 
522 X(J)=WMM(J) 
523 DO 531 J=l»NCOM 
5 31  Z(J)=-LOGF <X(J))-LOGF(P2) 

NN=1 
540  DO 560 I=ltNCON 

X<I)=0»0 
DO 550 J=l»NCOM 

550  X(I)=X(I)-B(ItJ)*Z(J) 
X(I)=X(I)+G( I) 

560  Xt!)*EXPF(X( I)) 
564  IF(L) 565»565»610 



TABLE   7   -   Continued 

565     Ü0   575   J=UNCOM 
GG(J)=0«0 
Du   570   I = 1..MCÜM 

5 70     GG(J)=GG(J)+bC( UJ)*X< I ) 
575     GG<J)=GG<J)-G(J) 

DO   580   J=l,NCOM 
DO   580   K=lfNCOM 
AUtK)=0.0 
DO 580 I=ltNCON 
A(JtK)=A<J»M+bC<ItJ)*b(itK)*X( I ) 

^8H      AEQ( J»M=A< JtK) 
ARG6=0 
LLL=I5IME0(lOtNCOMtltAfcUtGGtARGbtDh! 
IF(LLL-l) 585.585.583 

583 PRINT 584 
584 F0RMATC6H STOP 5) 
585 ZZ=0.0 

DO 590 J=ltNCOM 
2(J)=2(J)+AEU(J»1) 

590  22=22+ABSF(AfcG(J.l>) 
IF (ZZ-CDZ) 600.600,540 

600  L=l 
GO TO 540 

610  XN=0. 
DO 620 J=l.NCOM 
I=Nb(J) 

620  WMM(J)=XC) 
DO 630 IsltNCON 

630  XN=XN+BR(I)»X(I> 
XN=1./XN 
WM=WMO/XN 
H2=0.0 
DO 640 I=1»NC0N 

640  H2 = H2+H<I) *X (I ) 
H2=H2/WM 

705  CPR=0. 
DO 710 I=1.NC0N 

710  CPR=CPR+CP(I)*X<I) 
DO 730 I=1.NC0N 
DH(I)=0. 
DO 720 J=1.NC0M 
K = NB<J\ 

7 20  DH(I)=DH(I)-b(ItJ)*H(K) 
730  DH(I)=DH(I)+H<I) 

DO 750 J=1.NC0M 
GG(J)=0. 

•      DO 750 I=1.NC0N 
750  GG(J)=GG<J)+BC(I.J>*X<I)*DH(I)/(R*T2) 

DO 752 I=1.NC0M 
DO 752 J=1»NC0M 

752  AEQ<I.J)=AIItJ) 
ARG6=0 
LLL=ISIMFQ(10.NCOM,ltAE(J.GG»ARGto.DZ> 
IF(LLI-l) 760.760.758 

758 PRINT 759 
759 F0RMATC7H STOP 5) 

CALL EXIT 
760 DO 775 I = UNCON 

BETA(I)=0. 
DO 774 J=1.NC0M 



TABLE   7   -   Contined 

7 74      BfTA{ I )=RFTA(I)-R<I»J)*ALü<Jtl) 
lib      RF.TA< I )=PFTA( I)+DH( J)/<R*T2) 

CPR=CPR/WM 
CPE=CPR 
PLNMsO« 
DO   777   IsltNCON 

7 77     PLISlM = PLNM-WMP( \) #X ( I )*6tFA( 1 ) 
PLNMsPLNM/(T2*WM**2 > 
DO 780 !*ltNCON 

780  CPE*CPE+H< I)*X( I )*8ETA< I ) / (WM# T2 )+Hl I I *X { I )*PLNM 
CP2=CPE 
RETURN 
END 
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TABLE 9.   Sample Input Data for Computer Program for 
at 60°F and 760 mmRg* 

>»- 

Data for Spec(a) Subroutine 

Mixture Initially 

l. .000001 »00 °<tf 

1.7747952 
3.3965745 
4.0821991 
4.0067420 
2.4999245 
3.0439461 
2.869944b 
5.8411221 
8.U282346 
4.Ä02840 
2.4999245 
3.5206998 
18.016 
U 

1. 
.5 
• 5 

2. 

► 45 
H2 

288.72 
10. 

6 2 2 
1 2 
3 2 

12.496609 -33.09569940.68232/ -*3.2:>4009! 
-.304322673.4248489 -3.4348 /621.235vd<»6 - 
-1.11136904*0978967 -3.0581%0li .1289*it> • 
-2.41251144.5443704   -4.07081442.;592515   ■ 

-2.25985073.9647901 -3.48223üul.504225 1 - 
• 72232810 .Ü63>9433ä-.09u 72252.02J4H6865- 
-3.04058982.248694D ~.72166*G6«il018ui0 • 
-6.47261293.5982138 -i.906t)4Q5.32350^36 * 
-1.71685631.6660167   -.60766657.Iu002323   - 

-1,76641331.1796127   -*38134480»06ül63981- 
32. 
-.5 
1. 

.25 
-.25 
.5 
1. 

20. 15, 

• 036/862 -b63.d.ö06öi.0i^r* >o 
•• i i >962<f 5-1J23.4872:>• 2 * i ) * v6 
■•lbl2öHü1-3Q2ö^oülJ-.3öoouü^2 
• <**.HQ/5335/4«8129   -.iVb r*Vv 

25**72.7bl   -t^)74o';':j 
• 2541/31/ i:9134.002   2.53d JV^^ 
• U0i4/6d<!   /<f 1.1/4 /A-.3 /uöV<0;, 
• ^u65*d<:ö-*228*^7ö2-ä»*Vo-5.}ö3 
•0lv9'535-3229 /. 7'31-23. it*il<. 
• CJi-iV68o223.8lb/   ~2«öo^*d/' 

254/2.?61 -.H^>4o^y> 
•00367/362d790.139 -»D9bi3/32 

02 H20 
• 08 

OH H Ü 

Data for Spec(b) Subroutine 

288.72 IÜ000C1 »OJUÜi lo. 10, 

1.7747952 
3.3965745 
2.8699448 
5.8411221 
2.016 
1. 

2 Z Z 
1        2 
1        2 
12.496609 -33.09569940.6023^/ -23.2^400^5.0 Jd7oö2 -OG3.ÖG0öO "imCu 3 V 7V6 
-.304322673.4248*89 -3.43487621.2359d46 -• 119*6*!<o~i023.4b72:>.2 ;i3>7ü 
.72232810 .063994338-.09072252.02044O86D-.0Ü147662-7*1 •l>4/l-f>706/4^0 
-3.04058982.2486945 -.72166208.11018010 -•0uö5^d28-2226«<:762-6.'*/Ö^^d3 
32. 

2. 

• 666 
5. 

H2 

1. 
1. 

.333 
02 



TABLE  9  -   Continued 

Data for Spec(c) Subroutine 

l. 288,72 ,00001 rOCOOl 1. 10. 10« 

4C 6 
1 7 
3 2 

1.7747952 12.4966^9 - 
3.3965745 -.304322673 
4.0821991 -1.11136904 
4.CC67420 -2.41251144 
2.4999245 
3.0439461 -2.25985073 
2.8699448 .72232810 • 
5.8411221 -3.04058982 
8.0282346 -6.47261295 
4.3902840 -1.71685631 
2.4999245 
3.5206998   -1.76641331 

33.09569040.687327 - 
.4248489 -3.43487621 
♦0978967 -3.0581*011 
•5443704   -4.07C81442 

.9647901 -1.48223001 
U3994338-t 0<>O-»2252. 
.2486945 -.72166208. 
.^82138 -1.986Ö405. 
.6660167   -.60766657. 

23.2540*95 
•2359846 - 
.1289416 - 
.0592515   - 

.5042257 - 
020446«?**- 
11018010 - 
32350238 - 
10002323 - 

.1796127 -.*61144 30.0501639*1- 

.0387882 -863.800883.0117796 

.11996245-1023.48725.2713998 
•18128481-30283.013-.38880032 
.440107533574.8129 -.17879*30 

25472.7*1 -#45946595 
.2541731729134.002 2.51*5942 
.00147682-741.17471-.S70674*0 
•006*2828-2228.2782-8.9783**1 
.01995635-12297.791-23.324212 
.006198873223.8187 -2.8644487 

25472.761 -.45946595 
.0036775628790.139 -.59613732 

18.016 32. 
1. -.5 

- 1. 
1. 
.5 .25 
.5 -.25 

.5 
2. 1. 

H2 02 H20 OH u 

.45 .C8 



NOMENCLATURE FOR TABLES 10, 11, and 12 

Initial Condition of Mixture 

PI   - -f,, <xf*> 

TEMP -TJ /K 

ENTHALPY ~/K 
SD VEL - a,, m/iit 

VI   - VtJ  cmVgm 

CP1~ Cfl/R, 

GAMMA 1 - Vi 

WM1   -  m 

ENTROPY- S./R, 

Properties Downstream of Wave 

PRESS R - P 

TEMP R  - 6 

VEL R    - V 

MACH 1 - M, 
EMACH 2 - M«|2 

F MACH 2-M;/2 

ESOVEL 2 - aea    m/sec 

FSDVEL 2-Q-f,2 , m/scc 

F GAMM 2 - ^ 

E GAMM 2 - >€ 
FSPHT  ~ <Vf/R| 

ESPHT  - Cpc/R| 

ENTH 2 - ^ 

MOLWT - m2 

ENTROPY- S2/R} 



Table 10: Sample Output:    Hugoniot Curve Computed Using Spec(a) 
Subroutine and Input Data in Table 9 

HUG0NICT (iftyt CHCUltUOftS Ft« C4S?CUl KiHWÄtS-—«OHiLSlO« C¥fc*«KS L»«iM«tCHf — tAIVMStff Cf CHIKOM»" 

INIflli. CCNCI'IC* C» ruTuai 

PI» e.tocsce .»» it»p» 
YI-.I4729C MC'l/C Cd« 
7j«1«l>Y«       1*.10*1 

COK'OSlTtCk CK oimttc 
HI      • i.tttm CJ 
02     • c.iiim-io 

298.72,9 CESK    t»»fM«ti>Y. 
l.*7* CtWPAli l.*C4 •»i»      12.cn 

iHlkMCCtMMC  ••C»IiT|«J  CN  Thl  NUCCMÜT  tl«Vf 

•«us «   tec •   m •   Mc»i me»! c«*t>2   rsL-Ktti   rsoma »cma fb«<>>t    «i»*f    «I»HT IktfJ      i'Uml    I.TUC»» 

id.oxc 12.1412 c.4»oi2.4»27it.j)4*u.«74- n»*.* » i**«.»2) 1.21*7 1.212» 
H.u-JC; II.«449 C.*l:4 *.9l** 2.7»** 2.8*6* IMv.fM 15C3.7» 1.21*0 1.21)6 
U.03C0   12,)J2) C.B«.T   T.mt   1.111« 2.Or»  156».«76   14C&.597   1.21*4   1.21*5 
n.oucu u.ific c.xi* *.2*)* t.*«** i.m   IDTJ..T» it>i2.2«T i.2ttr 1.21*» 
14.99CC   12.«116 C.7».6  «.«»21   I.«182  I.«441   1*77.411   1517.7*6   1.21T1   1.2U6 

It.0906  12.402« 0.6«t* 4.6)8»  1.24)2 I.)«69 1582.«61   1*21..»«•   1.217»   1.2171 
16.0XC   12.966b  C.6476 ».».»»   1.1*4* 1.2 4*4 H«.>5   lS2B.lj«   1.217E   1.2167 
ll.OMt  12.62)*  9.611» ».«28S  1.1071 l.l*v2 1*4».21«   15);.*i:-   1.21«:   1.219« 
l8.09Cw   If.taU  0.9128 ».1873   1.0*9» 1.0811 l»9..?«>2   15K.M9   1.21»   1.22 * 
14.090C   12.7)73  3.994« 9.1694 0.4194 1.029« 16J3.2»7  194*.)«!  1.21(6   1.2219 

2   .09« 12.7919  C.»).« 9.1701  0.9)90  1.479) l«J«.l«« 14«8.I91 1.211« 1.22)« 
21.0OC 12.«««« C.908« 9.18)3 0.«4«4 0.91)6 ltl»..Cl 1492.971 1.21«! 1.2241 
22.0JC < 12.8966  C.488I  ».«092 0.86)9 9.897) 1617.«3) 1497.6(9 1.2144 1.2251 
29.0JCC 12.4*r*  ;.**9» 4.«)4« 9.«1)1  9.8642 1622.497 1462.141 1.2191 1.2212 
24.09CC 12.4971  0.*»2* 9.664«  0.«3»6  9.8)66 1627.26« 146«..96? 1.22=1 1.22» 

25.Oj«   11.0*60  C.6M7  9.4C86 0.7811  9.8119  16)1.4«) 1971.427   1.2264   1.2264 
26.00CC   D.C419  r.4222 9.4911 0.7917 9.7(7«  16)6.»80 I476.C4»  1.22C1   1.22i* 
27.00CI   11.1*10  :.«0«7 9.9942  9.7)84  9.76*7  1641.1«« 148.4)1   1.2211   1.2) » 
28.00CC   I).187«  C.l*t2  5.6«)«  0.7141  0.7*7*   1649.794 148«.47»   1.221«   1.2)1* 
24.0WOO  11.21)0  0.»846 4.692) 0.7027 9.7247  i«4j.»w» 1X9.)«*  1.221«   1.212* 

lO.OvC*.   11.2780  C.Jfl?  4.742)  9.687': 9.711)  1644.(29  144).T79  1.2221   1.2MT 
11.000«   1).)22« C.)6)5 9.79)7 0.672« 0.*9M   1659.3«   194(.122  1.2229   1.2)4« 
12.0OC0   11.1661  C.1534 9.8497  0.619« 9.68*     1661.794   1*C2.««6   1.2229   1.215« 
ll.OjCC   l».«j4)  1.1*49   9.89«)  9.6461 3.67:»   166«.246   1406.749   1.22)2   1.2)64 
14.Q0CC   11.4920 0.1)4,5  4.4916  9.6)42 ?.*4C9  1672.67*   1*11.^29   1.22)6   1.2)60 

»9.09CC   D.6961 C.)284 »,9044 9.6211 9.6**9  1*77.991 1*14.272 1.224C 1.2)90 
»6.0JC1.   13,414»  3.12-9 6.J}«* 0.6126  9.6)61  1*«1.«8T 1611.401 1.224« l.2*-l 
17.0000   I).»77«  0.1118  6.112»  9.6C27   3.629*   1689.6*7 162».714 1.22*7 1.2*11 
M.OOOt   11.617« 0.107? 6.1*65 0.44)4 9.4161   1*40.2)1 1*27.9v7 1.2291 t.f«22 
)9.00CC  l).6>«2 0.19.6 6.2205  9.904* 9.69*4 U*«.4K 1*»2.0«1 1.2291 1.2*1) 

«C.OCCC 13.6982 C.24»4 *.274« 0.97*2 ).99«2 1«9«.919 1616.218 1.229« 1.1444 
41.00810 l).7»7( 0.2(87 ».})») 9.4482 0.9909 I7J».?36 1**3.169 1.22«) 1.2*44 
«2.090*. 11.7770 '..2611 4.1422 9.9*1.'* 0.9(21 17>».4*T I»««.499 1.22*7 1.2**4. 
♦1.090C 11.(19* 3.277« «.«194 1.9)1* 9.92*6 1711.(«9 I66H.617 1.2271 1.2*7* 
4*.00Cl   11.(54«   5.272*  *.«•««   9.4*84  0.5679   17|*.|)2   1697.71«   1.227«   1.2416 

49.0900  1).*)26  3.268!' 6.4*20 9.9)94 C.5617  177'.*C8   1*56.799  1.2274 1.2«;7 
♦6.0900  11.4104  3.2*)« 6.94*9 9.«))« 9.99*1   172..»7*  l**).*fl   1.221) 1.24  7 
«7.00«   11.4*82  C.744,  6.6*69 0.427*  9.»«74   172».4K   1664.9)0  1.2202 1.2418 
«8.00CC   14.0J99 0.2967 «.7017 9.921« 0.4*19  17)1.177  1*68.478   1.22?« 1.2«2* 
«4.0901   14.0429  C.29C7  6.79«)  9.91*2 1.5161   17)7.«14   »67».C16  1.224t 1.2<>!9 

4.4411 24.1(14 
4.94*7 24.041« 
«,*:ij 21.9««» 
«.».»1 21.(97) 
*.*3*.   21.7*66 

«.«9«9 2).724* 
».4116 21.661. 
6.6141 *!.»4:6 
*.6l7j 21.6251 
«.6195  li.^f 

*.*27J 2).4*7) 
«.62*4 k).»*2* 
«.6269 2J.994C 
6.*29) 21.5949 
«.*)!* 21.61.« 

♦.*1«J 2).*i*5 
«.6162 2).*«2) 
*.*»•» 21.66«2 
*.*«S7 21.687-- 
6.M13  21.711« 

6.*6S2 21.7*22 
♦.**»» 21.7721 
4.*««4 21.8-av 
«.*»1* 23.8* 4 
4.*»)«  2>.(T*7 

*.*45« 21.91** 
«.*»(u 21.441« 
«.**Ul 21.441* 
*.**22 2«.0>«4 
*.**«2  2«.0772 

«.***) 24.12.4 
«.**■) 24.16*4 
♦ .67.* 2«.2-i-D 
«.*724 24.244« 
4.*7«« 2«.)'.'?» 

«.«7«« 2«.»«7» 
4.*7(« 2«.)4*6 
«.«■C« 24.4*21 
4.*«2« 2*.*4i 0 
4.*«4« 2«.»)«) 

(.644 
4.414 

IC.-vi 
1..471 
11.111 

11. *«f 
12.211 
12.781 
U.llfc 
11-481 

1«.«25 
I«.96» 
15.S.7 
lt.y«7 
It.5*9 

17.121 
17.66 
1«.|«6 
18.7)1 
14.266 

14.«01 
20.1)4 
2..M68 
21.*jl 
21.414 

22.**7 
22.4*"» 
21.4)1 
2*.Jy2 
24.49* 

24.124 
24.»»* 
2*.187 
26.117 
2 7.24« 

27.17« 
28. K* 
2«.«)« 
24.»*« 
29.848 

1*.*:» 
l*.«*i !«.««* 
14.*«» 
l**«v* 

l«.»*4 
I«.5*6 
t*.4«; 
t«.51. 
1«.«U 

l«.«72 
1*.«44 
1«.«2» 
i«.«;i 
14.176 

l*.)»l 
14.127 
i«.»:2 
l«.27t 
I*.251 

14.226 
14.2;. 
i«.ir« 
I«.1*9 
16.121 

24.l4.i 
i-».i»«i 
I-».:'.-.« 
l->.i$n 

t:.\i.i 
24.ii*e 
J-..IÜ4 
2*.U-i* 
2V.1J»4 

25. U >4 
:;.i.7i 
/   .11   6 

2J.121) 

24.12 i 
25.!).I 
2».;*  . 

2*.J-.» 

24.17 i 
21.14-1 
24.2-j*i 
25.2174 
25.2»i7 

14.^47 24.2471 
14.>71 ti.Zto* 
t«..«9 24.22«) 
l«.vl» 25.24.» 
11.4*1 24.1112 

11.967 
11.961 
11.411 
1 ».or. 
li.it/ 

25.12") 
29.24>« 
24.*«t6 
24.1(17 
2',.*C   I 

I).«)* ?•-.«!.4 
11.61 2>.«2t1 
11.7*« 24.«»72 
11.746 25.47C7 
11.7)2 25.*9<5 

MESS • ►■2 C? *2C Ct- 

lO.^UO S.li»l0(-90 3.«(«0«E-01 C.49910C   )9  :.12«)lf-0C 0.7413SE-C1 ..}«>fl«C-.l 
ll.JCvO 0.1**7OE-39 9.4(1**1-91 C.»f2»9C   .0 0.12*«7€-CC 0.7464IC-C1 «..)% 661-31 
12.0000  C,1*9)21-90 i'.6()69(-1l ;. »41171   ^0 '".1)04*1-00 C.7«)*27-C1 .»5!6*t-Jl 
11.9000  C.H999€-3n i.**})9C-H C.»«7»2t   3?     .t'!69€-w0 C.7*»:9E-C1 .l*(*2l-;i 
l«.JCCO 0.16094E-90 J.««l«9e*0t 0.5«92*E  -40   •.1127«E-C9 :.773IU-C1 .»t  t»t-.l 

JJ.3CCC  C.U121E-99 ;.*6)62f-1l 0.9«2*«f   )C 0.ll)8«f-0C C.77494E-CI ..)6i««t-31 
16.0000 0.16K8C-90 -.««»«71-ni C.»1«9«C  J*i  ;.1*43*1-90 0.7«I)2E-C1 .)67>|C-.M 
17.OC0O  0.U2S4E-30 3.4«4|4E-9l ).91727f   10  C.D992E-30 0.7I74IC-CI c.)7|j7C-wl 
K.OCCO O.l6)l«if-C0 ).4««97C-91 0.»)4»)C  20 :.I)6***-C0 0.7«)«CE-C1 C.)7*«9t-3I 
14.9000 C.t6)«9(-90 1.4«»01C-0t C.41I76C  9C   :.l)74»t-r0 0.89941C-CI J.)78*21-01 

20.9C00 0.U491L-9O 1.««44*fOI 0.92**«t  90 r.l)»49«-30 0.«97)1E-CI ..)e.44l-tl 
It.JOtQ 0.16417E-30 >1.48600E-01 0.*261«(   00  R.t)**4(-(n 0.01660I-CI C.1HM4C-3' 
22.0000 0.16482E-9O 1.48699E-0I 0.921MC  00  9.140428-^0 0.«216(f-Cl :.)9I)9E-Jl 
21.9090 C.l6*«*r-C>0 j.4«712f-0t C.92944C   )9  :.l«l«(t-00 0.«2«t«t-:t .»-»jflf-vl 
24.9000  1.1671 If-JC 3.4*7722*01 6.»17»»f   3C C.I4204C-O0 0.(»*7(f*Ct -.«"    I0t-Cl 

29.MOO 0.1*7702-00 ''.««(1)1-01 2.*t«*4t  90 C.l*)7(l-00 C.*««*7t-Cl :.« «941-31 
2*.MtC 0.1»0«H-09 :.4(64>E«01 0.91179C 90 0.14472C-00 0.84240t-Cl "..*   .ull-Cl 
27.9CC0  C.l6900f-0C <.6B9»4t-01 0.»0»»«E  OQ  C.144491-00 0.«*09H-C1 v.6il*9(-31 
20.00CO 0.1*4121-9" .*4"7)f-0l 0.909*81 00  ".l***7E-iO 0.0*(1fC»CI -.*l  24(-u| 
2«.9000 0.1701*1-90 1.««9*«t-0| 0.4CM7E  90     .167*81-90 0.07T49«-CI .«2«*(-3l 

»O.OCOO 0.170**1-00 7.44194E-01 0.»00192  00 0.I4O0C-90 O.S*942t-Ci w.*27T2l-91 
ll.MOfl. Q.lIlttE-00 0.«92l*fc-9t O.«*72»f->0 3.t«*27f-uO C.»*«0*f-Cl ;.*)'*K-31 
»2.9C00 0.1722*1-00 9.«*2*4E-vl 9.«44)11-40 3.19C>t9(-&0 0.*V270C-CI .'.4H141-J1 
ll.OCOO  5.1728*7-00 ?.««1««E-0t «i.4«l)«C-)0  9.141910-90 0.9114K-C1 J.«*.'2«   -Jl 
»4.0000 0.l7)**(-0« n.«4*1*1-01 0.*»6*7t-)0  *.191«*F-C0 0.42C2*I-Cl v***7|»«-31 

I9.MC0 0.17*0*1-90 9.*4«7«f-0t C.««49*1-10 '..142291-00 C.924t((-Ct ..*42t«(-91 
JO.iMOO 0.174*41-00 7.4*9*21-01 C.4(2»4C-90 r..l9t*0l-00 0.*101fl*€t ».«471»f-vl 
»7.0000 0.1702*1-00 0.4**0*1-01 0.«74711-00 C1944II-90 0.4*7291-0 3.«»220«-9l 
10.900« 0.129001-00 9.*94*0C-01 0.476821-40 9.199111-00 S.*4*41l-CI 0.**72*f-91 
»4.0000 C. 17*461   90 9.44T2«f-0t 0.4l»«2l-90 C.14*0*1-00 0.4*»6H-tl ..«77*11-01 

40.0000 0.1770*1-00 0.«47401-01 0.«71021-00 C.19*40«-00 0.4744H-0) 0.«7747«-91 
„*J.«AIM fl.l77*U-aO 0.4**901-01 0.M011E-O0 O.llfTlf-00 0.*«*2«C-«I O.*«?7*i-01 

42.0000 0.IT01OI-OO 0.«440(2-01 C.«44261-90 0.19*901-9« 0.«*»t|f*CI 0.4474M-01 
«1.0000 0.17(7*1-00 9.**4**t-OI O.«*2)*f-00 f.1*42*2-00 0.100111-00 1.4* 12*0-01 
«4.0000 0.174241-00 0.900221-01 0.«»»«41-10 O.U007I-9C 0.1012(1-00 Ö.4489M-0I 

«LOOM 0.174(61-00 0.90071E-01 0.49**21-90 0.1*90*1-30 0.1O226C-CC 9.90199C-01 
.    M*0tOJ 4*ltfll|t-09 0*191111-01 «,«9»T»f-00 C16160C-09 O.19)2OC-C0 0.»0«l*C-0t 

♦ 7.0000 0,1*0*18-00 0.90IUC-01 0.490422-90 r. 167)61-aO 0.106|7f-«( 0.9t«»tf-01 
««.0000 O.l«t**t-00 0.9C2»4t-0l 0.««»071-90 6.l«l|0f-M 0.10»1»«-CC 0.914*78-01 
44.0000 0.181461-00 0.4O2ME-O1 0,*«*2«l-90  6.1*18*1-30 0.tO*l»C'«( 0.42940C-CI 
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HUGONIOT EQUATION 

11 12 13 14 
TEMPERATURE RATIO 
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P1R l: Determination of a Point on the Hugonlot Curve In 
t18* the V-P Plane 
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Fig.  2:   Determination of a Point on the Hugoruct C-rve 
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2H2+02 Mixture at 60°F, 760 mm Hg. 



ö 
MACH NO. 

N> (A) 

''^mmteäimm -...ixxMiMJ,**^ JUnJUflt'"'"' rämtiiii^iiawiii a aüaa^s*^ - -ff*
1
^,*« ' »■ ^--' 



FLOW  DIAGRAM 

I  
GO TO SPEC. WITH 
INITIAL DMA. 

I ~ 
GO TO MAIN WITH 
p   SPECIFIED 

I  
GO TO BPiNKWITH 
p AND T SPECIFIED 

SOURCE PROGRAM 
(TABLE 2) 

LOAD DATA AND EVALUATE 
SEVERAL CONSTANTS 

SUBROUTINE SPEC. 
 (TABLE 3.4,5 )  

SPECIFY VALUES OF p  AT 
WHICH HUGONIOT CURVE IS TO 
BE SOLVED OR FIND Pr .ORR,*, 
PRINT OUTPUT. ^~J 

SUBROUTINE MAIN 
(TABLE 6) 

EVALUATES THE THERMODYNAMIC 
PROPERTIES ON THE HUGONIOT 
CURVE AT THE GIVEN  p. 

SUBROUTINE BRINK 
(TABLE 7) 

EVALUATES^EQUIUBRIUM AT 
SPECIFIED   p AND T. 

 1 
RETURN FOR MORE 
DATA OR EXIT FROM 
PROGRAM. 

 1 
RETURN TO SPEC 
WITH SOLUTION TO 
HUGONIOT CURVE 
AT SPECIFIED p. 

 1 
RETURN TO MAIN 
WITH EQUILIBRIUM 
COMPOSITION AT 
GIVEN   p AND T. 

Fig. 5:   Flow Diagram of Computer Program 
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Fig.  8:   Hugoniot Curves for  3*fe^      Mixture Initially at -50 F 
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for 2H2tq Mixture Initially at 60°F, 760 mmHg. 
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Fig.  12:   Influence of Initial Pressure on CJ Pressure Ratio 
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Fig.  13:   Influence of Initial Temperature on CJ Pressure Ratio 
for3H?*Q,Mixture 



1.0 10 100 
INITIAL PRESSURE - mmHg. 

1000 

Fig.  14:   Influence of Initial Pressure on CJ Temperature Ratio 



3400 

1800 
Q1 10 10 100 1000 

INITIAL PRESSURE -   mmHg 
Fig.  15:   Influence of Initial Pressure on CJ Detonation Velocity 
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Fig.  16:   Influence of Initial Temperature on CJ Detonation 

Velocity for 3H2 + CX, Mixture 
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Fig.  17:   Influence of Initial Pressure on CJ Detonation Mach Number 
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Fig.  18:   Influence of Initial Pressure on Equilibrium Composition of 
Product Gases for 3Wp+Op   M-r*     ~ Initially at 200°F 
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Fig.  19:   Influence of Initial Pressure on Equilibrium Composition of 

Product Gases for 3Hit02   Mixture Initially at 60°F 
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Fig.  20:   Influence of Initial Pressure on Equilibrium Composition of 

Product Gases for  3H?+Oz   Mixture Initially at -50°F 
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Fig.  21:   Influence oi Initial Pressure on Equilibrium Composition of 

Product Gases for   3H* + O^     Mixture at -180°F 
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Fig.  22:   Influence of Initial Pressure on Equilibrium Composition of 

Product Gases for   2^ + 02     Mixture Initially at  60°F 
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Fig.  23:   Influence of Initial Pressure on Equilibrium Composition of 
Product Gases for  £H2 + 02     Mixture Initially at -180°F 
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Fig.  24:   Influence of initial Pressure on Equilibrium Composition of 

Product Gases for     H2<hOa        Mixture Initially at 60°F 



Q1 1.0 10 
INITIAL PRESSURE - mmHg 

100 1000 

Product Gases for       H^tü* 



A) 

60- 

50 

K 40 
< 
LÜ 
I 
O 
\k 30 
Ü 

t 
20 h 

10- 

0 

\ 
\ 

!   \ 

\                                                                 3H2   °2 

"\           \                                                           V<* 
\                                                        \ 

\\       \ L\ \    \ 
\ \  \ 

\\ \ \     \        \ L       \ \ \ r                              \        V           \       EQUILIBRIUM 
\         X            N     SPECIFIC HEAT 

\ \    \ 

\\  \ 

V\      \ 
\\\ v    X           > » 

^    X N 
^   XV U                                                        x x. r                                                              ^ ^ N» 

V. 
V 

FROZEN SPECIFIC HEAT (ALL CASES) 

i                          1 1                          1  

0.1 1.0 10 100 1000 
INITIAL PRESSURE-mmHg 

Fig.  26:   Influence of Initial Pressure on Specific Heat at the Constant 

Pressure of Products at CJ State,    Initial Temperature 60°F 
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Fig. 28: Influence of Initial Pressure on Specific Heat Ratio of Products 
at CJ State. The Upper Graf>h i*s for Frozen Composition and 

the Lower Graph is for Equilibrium Composition. 
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Fig. 29:   Influence of Initial Pressure on Von Neumann Spike Pressure Ratio 
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Fig.   30:   Influence of Initial Pressure on Von Neumann Spike Temperature Ratio 
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Fig.  31:   Influence of Initial Pressure on Von Neumann Spike Velocity Ratio 


